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PREFACE. 



-•o*- 



This smaU work is written for those who are beginning their 
studies in connection with engines, as the author ventures to 
think that there is at present no one work which contains in an 
elementary form all the subjects here treated of, and a reference 
to those large works which do contain them is frequently neither 
convenient nor possible. 

The authorities which the author has chiefly consulted are 
Begnault's great work, Tyndall on ' Heat as a Mode of Motion,' 
Balfour Stewart's ' Elementary Treatise on Heat,' Clerk-Maxwell's 
' Theory of Heat,' Williamson's ' Chemistry ' and Miller's * Che- 
mistry,' Dr. Percy's 'Metallurgy,* and the Rev. Eobert Dixon's 
' Treatise on Heat.' 

The author is much indebted to 'many gentlemen for the 
assistance and information which they have given him, and which 
will, where possible, be found to be acknowledged in the text. 
To Mr. Enight, manager of Messrs. John Penn and Sons' Works, 
the author feels that he is much indebted. 

J. c. a. 
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CHAPTEE I. 

THE INDICATOR CAM). 



The main object of an indicator is to ascertain the power which an 
engine is exerting. It does not do this exactly, but with sufficient 
accuracy for all practical purposes. The indicator is also useful in 
other respects. 

In principle it is nothing more than. an instrument for register- 
ing the varying steam pressures in the cylinder during a complete 
revolution of the shaft, or, if there is no shaft, during a complete 
reciprocation of the piston. 

Putting aside for the present the mechanical arrangements as it 
is now made, and considering it in its simplest form, it is merely a 
small piston working in a cyUnder with considerable clearance, 
carrying a pencil at the end of its piston rod. One end of this 
small cylinder is placed, at pleasure, in connection with either end 
of the main cylinder (that is, the cylinder of which it is desired to 
learn the horse-power), by means of a cock and pipes, and the other 
end of the indicator cylinder is in free communication with the air, 
by means of the loose stuffing box through which the piston rod of 
the indicator moves, and further by means of a hole drilled in the 
cylinder cover of the indicator, so that if steam goes iuto the main 
cylinder a portion of it may be admitted directly to the bottom side 
of the indicator piston, while upon the other side the air presses 
continually with whatever the barometric pressure may be at the 
time. 
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A spiral spring is attached to the cover of the indicator cylinder 
at one end, and to the indicator piston itself at the other. This 
spring regulates the movements of the piston, and as the steam is 
at a greater or less pressure, so the spring is more or less com- 
pressed. 

Supposing now that the piston of the engine is at one end of 
the stroke, and about to begin a fresh stroke, and that steam is 
admitted to the cylinder for this purpose, the indicator spring will 
be compressed by the steam pressure under it, and the amount to 
which the indicator piston rises is a measure of the steam pressure ; 
for example, supposing that the spring compresses ^th inch for 
every pound on it, then, if the steam pressure is 20 lbs., the piston 
will rise 2^ inches. As the piston of the engine travels forward on 
its stroke, the steam pressure begins to diminish, and becomes less 
and less able to compress the indicator spring, and consequently 
the indicator piston continually falls. In order to register these 
continually varying pressures, a piece of paper is held on a small 
cylinder or barrel in front of the pencil on the indicator piston, and 
as the main piston moves backwards and forwards the barrel of the 
indicator partially rotates backwards and forwards ; and the curved 
line traced by the pencil moving vertically up and down, on the 
paper moving at right angles to the up and down movement of the 
pencil, is called an indicator card or diagram. The diagram is 
nothing more than a register of the varying pressures in the 
cylinder as the piston moves to and fro. 

Fig. 1 is a drawing of the best form of indicator* now in use, 
as made by Messrs. Elliott Brothers, of the Strand. A is the 
piston rod, P the pencil, which is not attached directly to 
the piston rod, but by means of a parallel motion, so that it 
moves vertically, but travels through a considerably greater dis- 
tance than the piston t; B is the barrel on which the paper is 
stretched ; C is a cock, the use of which will be explained subse- 
quently. It is screwed into a branch of another cock, by means of 
which latter, connection can be made at pleasure with either end 
of the cylinder. The indicator cylinder and spring are inside the 
casmg D. S is the string which gives motion to the barrel B. 

* Invented by Mr. Richards. 

t Four times the distance traveUed by the piston. 
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The other end of the Btriug is &steiied to some moving part of the 
engine, whoBe movements correspond with those of tlie piston, bnt 




are smftller. A movemeat of fonr inches of the string givra a very 
good diagram. 
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K there is no part of the engine which can be made use of, 
such as the air or circulating pump levers, into which a stud can 
be screwed, some special appliance must be used for reducing the 
movement of the piston. 

Below the cock marked 0, another, but a two-way cock, comes, 
which is connected by means of pipes with both ends of the 
cylinder. By means of this second cock the indicator may be 
placed in communication with either end of the cylinder at plea- 
sure, or may be shut off from both. The cock is used in the 
following manner : Its plug being drilled three ways, |— , the indi- 
cator may by it be shut off from the cylinder and connected by 
means of the small hole in one side of the shell with the air, or it 
may be shut off from the air and connected with the cock below, 
and therefore with either end of the cylinder. When the barrel is 
in movement backwards and forwards, the plug is so turned that 
the indicator is placed in connection with the open air, and the 
spring having the air both on the top and bottom, is neither com- 
pressed nor extended. At this moment the pencil is pressed 
against the paper, where it rules a straight line, called the atmo- 
spheric line. It is important to remember this connection between 
the position of the pencil at the atmospheric line and the condition 
in which the spring then is. 

We must now see what use cSxl be made of this diagram or 
register of pressures. The connection between a curved figure and 
the power exerted by the engine is not at first sight apparent ; 
and before showing what it is, it is necessary for me to endeavour 
to dear away all misunderstanding as to what is a true measure of 
power exerted. Without a most clear and definite conception of what 
constitutes a mechanical expenditure of energy, or, in other words, 
what is the measure of work done, it is impossible to form any 
notion either of what is meant by economical use of steam, or 
of the connection between the indicator diagram and the indicated 
horse-power. 

The simplest example of an expenditure of power, and also the 
commonest, is that of a weight raised from the ground. If one 
pound has been raised one foot high, just half the energy has been 
required which would be required to raise two pounds one foot 
high. This is so simple a conception as not to require further 
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explanation. A little consideration will show that generally 
speaking the energy required to lift any weight to any height may 
be said to be equal to a certain number of pounds raised one foot 
high, or what is just the same thing, one pound raised a certain 
number of feet high, or as it is generally stated for the sake of 
shortness, the energy expended is equal to a certain number of foot- 
pounds. 

It is a general law in mechanics that when energy or power 
is expended some resistance has been overcome through some 
distance, and what is really done in raising a weight is to over- 
come the attraction of the earth, or gravity, through a certain 
distance. 

If we had overcome any other resistance than the attraction of 
gravity, as, for instance, compressing a spring, we might, in just 
the same way, say the expenditure of energy was equal to that 
required to lift a certain number of pounds through a certain 
height. We may make the attraction of gravity a general standard 
of resistance, and whenever any resistance is overcome, we may 
refer it to this standard. One pound raised one foot high may be 
taken as our standard unit of work done. 

An engine at work overcomes some resistance, either propelling 
a vessel, or pulling a train, or driving machinery ; and the amount 
of energy expended by the engine in overcoming this resistance 
through a certain distance is equivalent to a certain number of 
pounds raised through a certain number of feet. 

To ascertain what power an engine is exerting, it appears the 
simplest way is to find out how many pounds weight it raises in a 
minute, and through how many feet it raises them ; I use a minute 
as a convenient unit of time, and because it is the unit generally 
adopted. With this in view, take as an example the card in Fig. 2, 
and divide it into ten equal spaces. The distance firom A to B is 
one-tenth of the whole length of the indicator card, and during the 
time the card travelled horizontally from A to B the piston of 
the engine travelled one-tenth of its stroke ; while the card travelled 
from B to G the piston of the engine travelled another one-tenth 
of its stroke, and when the engine had travelled its whole stroke 
the card would have travelled from A to K, and so backwards, on 
the return stroke. It is not a matter of any importance what the 
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length A K is when compared with the stroke of the engine, and 
for convenience A K is usually made about 4 inches, excepting in 
engines running at high revolutions. All that we care about 

Fig. 2. 




(^UnAer 






is, that when the engine has moved through one-tenth of its 
stroke, the card shall have done so also, and that the motions go 
on corresponding in this way throughout the stroke. Then we 
have only to look at the indicator card to see what pressure of steam 
there was in the cylinder at any part of the stroke. In this par- 
ticular case a ^tA spring has been put in the indicator, which means 
that for every 1 lb. pressure on the square inch of the piston the 
pencil of the indicator will rise gV^d inch. If we have 45 lbs. 
boHer pressure, the pencil wiU rise 1-4 inch as soon as the steam is 
admitted up to the point Pi ; then, as the engine and card move, 
the pencil, still held up by the steam, moves to Pa, then to P3. 
Somewhere about this point the steam is cut off, then the steam 
pressure £alls as the piston moves on, and the pressure can no 
longer compress the spring so much, and the pencil falls gradually 
to P4, then to Pg, and so on to Pio, where the steam is blown into 
the air, and the spring being no longer compressed, the pencil faQs 
to the line called the atmospheric line, a Hue which will again be 
spoken of presently. 

At Pu the engine begins the return stroke, and up to P19 the 
steam continues to escape into the air; at this point the valve 
closes, and what is left in the cylinder is compressed until the 
point P21 is reached, when steam is admitted again and the spring 
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compressed up to Pi. From this curved figure we must now find 
what power the engine was exerting. Let us first consider the 
area between the two Knes A B ; during this first tenth of the stroke 
the pencil of the indicator shows the full initial boiler pressure 
from Pi to Pa ; therefore, while the piston of the engine travelled 
the first tenth of its stroke, it was pressed by steam of full boiler 
pressure, and the foot-pounds of work it did might be expressed by 
the initial pressure which is measured from the atmospheric line up 
to Pi, viz. 45 lbs. on the square inch multiplied by the area of the 
piston in square inches, multiplied by the distance in feet through 
which it travelled. Supposing the cylinder to be 10 inches dia- 
meter, and the stroke 2 feet = =-t . Similarly between 

' 10 ^ 

B and 0. But when we come to the space between C D, the pres- 
sure is falling fromPg toP4,and we must take an average pressure, 
judging it by the eye, which will be measured up the centre of the 
space C D, from the atmospheric line up to d ; and, so on, mean 
pressures are taken between each of the spaces D E, E F, &c., to 
the end of the stroke. On the return stroke the pencil runs for 
some distance along the atmospheric line, and when we get back to 
Pi9 it rises rapidly. Now when the pencil rises on the return 
stroke it is because there is some vapour in the cylinder which 
has not got amy quicUy enough, and which we are compressing, 
SO that from the foot-pounds lifted by the engine, on the travel 
from A to K, we must now deduct the foot-pounds it has lifted in 
compressing steam on the return stroke, and this amount is found 
in precisely the same manner as the first, by measuring from the 
atmospheric line up to the bottom line of the diagram. The result 
is the total foot-pounds done by this end of the cylinder during one 
complete revolution, and the same process gone through with the 
diagram for the other end of the cylinder gives the foot-pounds it 
has lifted. In practice, however, instead of measuring all the 
pressures on the stroke from A to K up to the top line of the card 
from the atmospheric line, as we have done above, and then mea- 
suring from the atmospheric line up to the bottom line of the card 
to get the back pressures, and deducting one from the other, it is 
quite clear we may at once measure the distance a h, and consider 
that as the effective pressure, and that instead of multiplying each 
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of these by the distance in feet and by the area of the piston, we 
may add them all together and divide them by 10, which will give 
ns a mean pressure throughout the stroke. This one mean pres- 
sure we may multiply by the stroke in feet and by the area of the 
piston, and similarly for the other end of the cylinder ; but we 
may simplify the calculation still further by adding the mean pres- 
sures found for each end of the cyHnder together, and dividing it 
by two, which gives a mean pressure for both ends of the cylinder. 

If the engine is a double-acting one, the diagrams for each end 
of the cylinder are usually taken on the same card, giving a double 
figure, as in Fig. 2. Each of these diagrams has its own mean 
pressure, and they are rarely the same. In practice they are 
nearly always treated as above ; the horse-power for each end of 
the cylinder being rarely calculated separately. In the present 
instance the mean pressure of the left-hand diagram is 22 * 25 lbs., 
and that of the right-hand one 25 lbs.: the mean of both is 23 • 625. 
To find the foot-pounds raised per minute by one cyHnder we 
multiply the mean pressure, 23 • 625, by twice the stroke in feet, 
by the revolutions per minute, and by the area of the piston in 
square inches. 

James Watt calculated, from experiments which he carried out, 
that a horse working eight hours a day was capable of raising 
33,000 lbs. one foot high per minute. We have seen above how 
to calculate the number of foot-pounds raised by the engine per 
minute, and if we divide that number by 33,000 we get the 
indicated horse-power of the engine. 

If the. engine is a single-cylinder one, the indicated horse- 
power is 

Area of cylinder x Mean p ressure x Revolutions x 2 x Stroke 

"33000 

If the engine had been a double-cylinder one, the power of 
both cylinders would have to be added together to get the power of 
the engine. 

Where there are numbers of cards all taken from the same 
engine to be worked out, a further simplification is made. Instead 
of multiplying the area of the piston by 2, and by the stroke, and 
dividing by 83,000 each time for each card, we may find what this 
sum, which is invariable for each particular engine, is, and multiply 
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it by the mean pressure and the revolutions. This quantity is called 
the constant for the engine. If the cylinder had been 10 inches 

? . 78*5 X 2 X 2 
diameter* the constant would be oqaaa = '00952. 

Then to find the horse-power we multiply • 00952 x R X iwp.* 
In the oard we have been considering it is 

•00952 X 140 X 23-625 = 31-4, 

supposing the engme to run 140 revolutions a minute. 

We have seen that an indicator card is usually run out, that is to 
say, the mean pressure of the card is usually ascertained, by read- 
ing off with the scale the different mean pressures in each of the ten 
spaces, and then adding them together and dividing them by ten, 
and this is correct provided each reading is a correct one, but the 
following is a far better and easier method. A long strip of paper, 
i inch wide (the length varies from 6 to 18 inches, according to 
the nature of the card), has a starting point marked on the edge, 
near to one end. The strip of paper is then laid along the first 
tenth of space, and the length of the mean pressure marked off, not 
read o£^ starting from the starting point. It is then laid on the 
second space, ajid again the mean pressure is marked off, starting 
from the point where the first mean pressure ended, and so on to 
the last of the ten mean pressures. By this means the mean pres- 
sures in each of the ten spaces are laid end to end. If we now take 
a rule, and read off how many inches there are in the whole length, 
and divide them by ten, we get the number of inches in the mean 
pressure of the whole card. Consider the left-hand diagram in 
Fig. 2. Suppose when all the mean pressures for each of the ten 

6*95 
spaces when added together measured 6 * 95 inches, then -=^ is 

the measure in inches of the true mean pressure, and if the scale 
was ^V hich, that is, if 1 inch stood for 32 lbs., then '695 inch 
stands for • 695 x 32 = 22 • 25. 

Generally expressed, we multiply the total nmnber of inches 
read off the strip by the scale, and divide by ten. 

This is one of the best and safest, if not the very best, way of 
finding the mean pressure of a card ; it is certainly greatly superior 

♦ Mp. being used as an abbreyiation for mean pressure. 
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to the method of reading off ten different pressures, and adding 
them together and dividing by ten, as just described, and it is now 
very generally followed. 

There are one or two other methods. 

The author had an instrument made for the purpose similar to 
the one shown in Fig. 3. The screw A runs freely in the nut B. 

Fig. 3. 




At the end of the screw a wheel with a miUed edge is fixed firmly, 
and in the centre of the wheel a pointer hangs &eely on a stud. 
The nut is held in the right hand, while the pointer with the wheel 
is run snccessiTely np the centre of each of the ten spaces in the 
card. 

The mean pressure is then read off at once with the proper 
scale to which the diagram has been taken between the points C D, 
which wiU in aU cases be the true mean pressure. 

The pitch of the screw and the diameter of the milled wheel 
are so connected that when the wheel and pointer are run 10 
inches along a line, the screw will just screw itself out 1 inch ; so 
that the distance C D is always one-tenth of the distance travelled 
by the rim of the wheel and pointer. 

There is a most ingenious instrument called a planimeter, 
which is now often used for finding mean pressures. Fig. 4 is a 
drawing of one as made by Messrs. Elliott, of the Strand. The 
proportions of this one are such that the area of the figure is given 
in square inches. Thus if we had used it in determining the mean 
pressure of the left-hand diagram in Fig. 2 we should have read off 
the number of square inches in the figure ; if we divide this by the 
number of inches between the points A K, we get the number of 
inches in the mean pressure, and, multiplying by the scale, we get 
the mean pressure in lbs. In working out a number of cards with 
a planimeter it is most important to remember that the length of 
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the card mnst be taken into account, becanBe this generally varies 

to a slight extent in cards taken from the same engine with the 
same indicator, and it does not do to aesnme a common length for 
them all. 




The following are Messrs. Elliott's directions for using the 



" The planimeter, when ready for nse, as in the above diagram, 
rests npon tliree points D, E, F; these are respectiyely : Ist, a 
point of the circumference of the divided wheel D ; 2nd, a point of 
the tracer F at the end of the arm A ; 3rd, a point E at the end 
of the other arm B, which is kept £zed during the time of 
operation. 

" Place the point E at a convenient distance from the figure to 
be measured, bo that the tracer F may traverse the entire periphery 
of the figure ; but if the figure is too large to allow this it can be 
subdivided by dravring stt^ght lines through it, and the conteute of 
the several parte computed separately and added together. Then 
place the point of the tracer on any couvenient starting point in 
the periphery. When the instrument is thus adjusted, read off the 
division on the horizontal disc G, also that on the perpendicular 
wheel and vernier H. Suppose that the horizontal disc gives 3, 
and the vertical wheel g^ves 905, namely, 90 on the wheel and 5 on 
the vernier, this reading must be put down thus, 3-905. Then 
carry the tracing point round the figure in the direction of the 
hands of a watch, and when the whole circuit has been made, 
obaerve the reading again. Suppcee them 5 ' 763, then subtract the 
former reading ftom the latter, the result will be 1 ■ 858 ; multiply 
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this by 10, and you will get the contents of the figure in square 
inches, namely 18 • 58. 

" Notice must be taken whether the disc G has made an entire 
circuit, if so, 10 must be added for every revolution to the whole 
number ; thus, if the disc had gone once round, the second reading 
would have been 15 • 763 ; if twice round, 25 '763, and so on." 

There will be found in Porter's book on the indicator a 
description, by Professor Merrifield, of the principles on which 
this instrument works. I give here another explanation, perhaps 
more suited to an elementary work. 

In Fig. 5 a wheel W is shown, similar to the Planimeter wheel, 
which rotates freely round the axis A C. Suppose the wheel to be 

Fig. 5. 




moved along the line A B from A to B, keeping the axis round 
which it revolves parallel to A C ; it is clear that the eflfect upon 
the wheel is precisely the same as if, instead of going straight from 
A to B, it had firstly been moved from A to C, and then from C to 
B. While travelling from A to C the wheel would not have 
revolved at all, but while going from C to B the amount of revo- 
lution measured along the periphery would have been exactly equal 
to G B, that is, equal to A B sin. a, where a is the angle of incli- 
nation of the axis of the wheel to the line A B. When the wheel 
is at B change this angle of inclination from a to )3, and then move 
the wheel back to A along the line B A, keeping the inchnation of 
the axis always equal to )3 ; the amount of revolution of the wheel 
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is now A B sin. yS, but the revolution, while going from A to B, is 
in a contrary direction to the revolution while going from B to A. 
When the wheel is back at A the total revolution is equal to the 
difference between the two revolutions, or A B (sin. yS — sin. a). 

Suppose in Fig. 6 that B represents one leg of the planimeter 
and A the other. Let the leg B describe a circle round the point 

Fig. 6. 




0, and take two points C and D very near together on the circle, 
from the points C and D let two other circles be described with the 
other leg. A, for a radius. Join C D, and produce the line towards 
M: take any points H and E, and draw through them Unes 
parallel to C D, viz. H G and E F ; draw the hne K M at right 
angles to H G from any point K. Now we shall proceed to con- 
sider the area of the curved figure EFGH. This is obviously 
E F X K L, for if we draw P Q parallel to E F, we know that 
P Q and E F are both equal to C D, because the circle has just 
been moved lateraQy from C to D. PQ = EF, and if PQ be 
taken near enough to E F, the area of the element P Q F E may 
be made to differ by as httle as we please from E F x R S, or, in 
other words, the area of the element above PQEF = EFxRS. 
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Similarly the area of the next element above PQ = PQxST = 
EF X ST 

.-. the area of the two elements = EFx(RS + ST) 

= EF X BT; 

and similarly the area of the figure E, F, G, H = E F x L K. 
(Put shortly, the area is rEF-A = EF xLK), but 

LK=KM-LM 

= C H (sin. iS — sin. o) ; 

.-. areaof EFGH = EF x CH(sin. jS - sin. o). 

Now if we run the planimeter wheel or the pointer, which is prac- 
tically the same, round the Fig. E F G H, it is quite clear that the 
revolution of the wheel while passing from F to Q is exactly equal 
and opposite to the revolution while passing from H to E. These 
two balance each other and may be neglected ; but the revolution 
while passing from E to F is E F sin. a in one direction, and E F 
sin. fi in the opposite direction while passing from G to H. The 
total revolution while going round the element E F G H is there- 
fore E F (sin. fi — sin. a). 

We have seen that the area of the element is C H x E F 
(sin. fi — sin. a), and the revolution of the wheel is E F (sin. ^ — 
sin. a), .'. the area = H x revolution of the wheel, and G H is a 
constant or invariable quantity, therefore the area of the element 
varies directly with the revolution of the wheel : we have only to 
note the amount of revolution of the wheel to learn the area. 

Now suppose we have to find the area of an irregular shaped 
figure, such as the Fig. D E F G, Fig. 7. This figure may be 
divided into a series of elements by circles struck from the circum- 
ference of the circle K L. Now starting from the point a, we go 
over ahcd and back to a; this gives us the area of alcd. Now 
to get the area of the next element we go over adcefghda. 
This gives the area of the two elements ; but we have gone over 
the line o d twice in opposite direction^, and over the line a d three 
times, two of which balance, so that to get the area of the two 
elements we might at once have run over the lines ahce fghda 
But the effect of passing over Jc, cc, is precisely the same as 
passing over he (if the circles are struck very near together), so 
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that to get the area of the two elements we may pasa directly over 
a, b, e,f, g, h, a. Bimilaily &>i the third and fomih, &c., elemente ; 
finally, to get the area of tho Sam of the elements we pass over the 




periphery of the figure. The nearer the circlee approach to one 
another the more nearly do the areas of the stun of the elements and 
of the fignre approach to one another, and eventnally become eqnal. 
We assumed in Fig. 2, page 6, that the mean pressnre of the 
steam fbi each end of the cylinder was to be^ foand by adding all 
the pressures ah, he, &c., together. This gives ns the total horse- 
power correctly, but we must not suppose that such pressures as 
ah, he, od ever came on the piston per square inch. This is 
easily seen if we take a couple of cards from a cylinder from which 
at one end the exhaust steam cannot escape readily, as in Fig. 8, 
giving US an exhaust line A B in the right-hand diagram. Now 
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at any point G D we have a pressure of steam equal to c 6 pushing 
the piston forward, and a back pressure equal to cd pushing 
it back, so that our eflfecfcive forward pressure ]a de. The back 
pressure is cd, because it is pressure on the opposite side of the 
piston to the steam pressure, and therefore appears in the other 
card. The power exerted by the engine when making the left- 
hand diagram is really therefore that which the diagram between 
the thick black lines would give, and, as beyond the point E, the back 
pressure actually is greater than the steam pressure, the power 
developed as shown by the area E P G must be considered nega- 
tive, and must be deducted from the power given by the figure 
A H D E B. If both diagrams are worked out in this way, the 
whole horse-power will be precisely the same as if it had been 
worked out in the manner already spoken of, which is hx simpler ; 
but if we wish to know what the piston is doing on each stroke we 
must work the cards out as in Fig. 8. Of course the exhaust lines 
are never in practice as they are drawn in Fig. 8; but they 



Fig. 8. 




generally do differ slightly, and in the high-pressure cylinder of a 
compound they do so considerably. For the total horse-power this 
change of the exhaust lines is of no consequence ; but we can now 
see that this must be taken ioto account in determining the strains 
on crank axles if great a«cnracy is desired. 

From what has been said about the indicated horse-power, it 
will be seen that it depends upon two variable quantities, viz. the 
number of revolutions per minute and the mean pressure in the 
cylinder. These two multiplied together, and then the product 
multiplied by the constant of the engine, give the indicated horse- 
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power. But there is another term applied to engines to express 
their power, nominal horse-power, which has no meaning whatever 
now. • As, however, it is frequently used, I will shortly explain 
how the two terms came into use. 

About the year 1784 James Watt was making engines for the 
London brewers, who were at that time using horses for pumping 
purposes. When they wished to know what power one of Watt's 
engines would exert, they asked him how many horses it would be 
equivalent to ? 

James Watt, in order to determine this matter, carried out 
some experiments, and concluded that when such a horse as they 
used walked at the rate of 2^ miles an hour, it was capable of 
raising 33,000 lbs. one foot high a minute. He called such an 
exertion of power one-horse power. Smeaton had made experi- 
ments prior to this, and found 22,000 lbs. raised a foot high 
a minute to be much more nearly the power of an average horse. 
But Watt's estimate of 33,000 foot-pounds, which is much too high, 
has been universally adopted, and so long as Watt's estimate is 
used as a standard of comparison only, and for no other purpose, it 
is of no consequence whether it is too high or too low. 

To determine the horse-power of an engine. Watt and those 
who immediately followed him supposed every square inch on 
the piston to be able to lift a weight of 7 lbs. ; and when doing this 
work it was found that the piston would move through from 200 
to 256 feet a minute in a double-acting engine. The area of the 
piston in square inches multipHed by 7 lbs. x the number of feet 
travelled through per minute, divided by 33,000, was called the 
horse-power. And it is curious to observe that the 7 lbs. men- 
tioned here were not supposed to be 7 lbs. of mean steam pressure 
on the piston, but 7 lbs. of pressure actually transmitted through 
the pump rods, and was equivalent to considerably more than 7 lbs. 
of steam pressure, as all the friction of the machine *had to be 
added, as well as the power required for the air pumps, &c. 

Smeaton considered that in his improved engines of New- 
comen's type, which preceded Watt's, that, while his mean steam 
pressure was 10^ lbs., 1*74 lb. or 16^ per cent, of this was 
exerted in overcoming friction.* As time elapsed, however, steam 

* Farey, 176. 

C 
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pressure was raised, and instead of our using steam just capable of 
balancing the atmospheric pressure, we commonly have steam capable 
of balancing 60 or 70 lbs. per square inch in addition in marine 
work, and much more than that in some other classes of engines : 
and farther, the piston speed has altered immensely. The old system 
of estimating the horse-power at 7 lbs. pressure still continued, 
but as this now differed from the power actually developed, the 
one was called the nominal horse-power and the other the indicated. 
At first, during Watt's early time, they were the same, but when they 
began to differ the old name was retained, and for a certain period 
of time, as long as engineers worked their engines under similar 
circumstances of pressure, piston speed, and expansion, it stiU had 
a meaning : but now that engines vary so much in aU points, some 
having condensers and others none, steam pressure, and in point of 
piston speed the term nominal horse-power, has lost all meaning 
excepting to individual firms, who may use it as a term of com- 
parison. To tell an engineer that an engine is 60 horse nominal 
is simply to give him an estimate of its power at 7 or 7^ lbs. mean 
pressure and some arbitrary piston sp^, but tells him literally 
nothing of the developed power, or the quality of the engine. 

When Watt first used the term horse-power it meant work 
actually done in the pumps, and not the work done by the steam. 
Now it means the work done by the steam : from this the friction 
of all the moving parts must be deducted before we get at the 
power transmitted through the shaft. The latter meaning of indi- 
cated horse-power is very much the most convenient, as it is almost 
impossible to know what to deduct for friction, which it would be 
necessary to do if we calculated the power as Watt did. The 
better an engine is made the more the power sent through the 
shaft is, as compared with the power exerted by the steam. 

Since no meaning of any value can now be assigned to the 
term nominal horse-power, I have not thought it necessary to give 
any rule for ascertaining the nominal horse-power of any engine 
beyond the old rule of James Watt referred to above. 

I shall now take a simple case of a cylinder acting directly like 
a locomotive and not condensing, and endeavour to show the con- 
nection existing between the indicator diagram, the piston, and the 
slide. 
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Althongh one great use of the indicator is to enable ns to see 
how much power the engine is exerting, this is not its only use, 
for it teUs us how the engine is exerting it, and it is to show this 
that I now proceed. 

Take a cy Under 17 inches diameter, 2 feet stroke, with exhanst 
port 3^ inches wide, steam port 1^ inch, bars If inch, and travel 
of sUde 4i inches, with a lap of If inch. Fig. 9 shows the slide 
and slide face drawn to 3-inch scale in three different positions ; it 
also shows an ideal diagram for such a cyUnder. The path of the 
centre of the crank pin is shown to f-inch scale by the circle 
ABODE. The path of the centre of the eccentric is shown by 
the circle abode to l^inch scale. 

Fig. 9. 
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I haye supposed in this ideal diagram that no steam is admitted 
until the piston has reached the very end of its stroke, viz. A, and 
is about to begin the return stroke. This is, or at least should 
ever be, the case in practice, as will be presently seen. 

When the piston is at the end of its stroke, that is at A, 
it will be found that the eccentric will be at a, and the sUde as 
Cjhown in position 1. The instant movement begins, the steam 
rushes into the cylinder until the pressure in it is equal to the 
pressure in the boiler ; supposing this to be 30 lbs., and a ^th- 
Bcale to have been used in the indicator, the pencil would rise 
^ inch above the atmospheric line to the point A. The axle 

2 
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would now begin to revolye in the direction shown by the arrow, 
carrying the eccentric with it ; the eccentric centre would travel 
from a to the point 2, continually making the steam opening 
larger, and then as the axle continued to revolve the eccentric 
centre would travel from 2 to 6, continually diminishing the steam 
opening, until eventually at the point b the steam opening will be 
closed, the sHde again in position 1, but travelling in the opposite 
direction, and the crank-pin centre at B. 

This point B is called the point of cut oS. The axle goes on 
revolving, but no steam can now get into the cylinder ; that steam 
which is already there begins to expand, the pressure becoming less 
as the volume becomes greater, and this expansion continues until 
the crank pin reaches the point C, when the slide will be found in 
position 2. During the expansion the pencil of the indicator falls 
down the curved line B G as the pressure beneath the indicator 
piston diminishes. By looking at positions 1 and 2 of the slide it 
will be seen that the expansion goes on during the time occupied 
by the slide in travelling a distance equal to the lap. The sHde is 
exactly at half stroke when in position 2.* 

The moment the axle revolves further the steam begins to 
escape from the cylinder into the open air, or into the condenser if 
it is a condensing engine, more and more rapidly as the opening 
for its escape enlarges, until the pressure in the cylinder is equal 
to that of tiie atmosphere, or in the condenser, as the case may be. 
This fedl in pressure gives the line G D on the diagram. The slide 
has reached the limit of its travel when it is as shown in position 
3 ; it then returns to the position 2, when the crank pin will be 
found at E ; no more vapour can now get out of the cylinder, and 
that which is there, being unable to escape, is compressed by the 
piston, which is now nearing the end of its stroke. 

This compression gives the rising curved line E P on the 
diagram, at which point F we are back at the point from which we 
originally started. 

This compression, like the expansion, lasts while the slide 
travels through a distance equal to its lap. 

The outside lap of a slide is the distance which the face of the 
slide overlaps the steam port on the steam side, when the slide is 

♦ The effect of the short eccentric rod is for the present neglected. 
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at half stroke, as in position 2. The inside lap is the amount 
which it overlaps the steam port on the exhaust side ; in this case 
there is none. 

The diagram A B D E F is then the diagram which an indi- 
cator with ^ spring would give, supposing the engine to work 
slowly so as to enable the steam to get into and out of the cylinder 
rapidly, and that no steam is admitted until the piston is just about 
to alter the direction of its movement, that is, the very end of its 
stroke. 

The diagram shows that while the piston travelled from A to B 
we had full boiler pressure in the cylinder. 

This measures i of an inch approximately, and the length of 
the whole card measured in the direction of the movement of the 
piston is I, so that we are cutting oS steam at | of the stroke. 
At the point G the exhaust begins, the distance A G is about f| of 
the whole length of the card, so we see that the exhaust in this 
particular instance does not take place until the piston has very 
nearly reached the end of its stroke. Now, measuring backwards 
from D, we find the distance to E to be about H of the whole 
stroke. At this point the exhaust is closed, and cushioning begins 
and continues until the steam is again admitted from the boiler. 

The diagram then enables us to see what power the engine is 
doing by giving us the means of finding the mean pressure, and 
further tells us at what point the steam was cut off, where the 
expansion ended or the exhaust began, and where cushioning 
began, and many other things which will be referred to later on. 

Such a diagram is never produced in practice, for engines never 
run slowly enough to give such a one. On Fig. 10 is given the 
same diagram, but to three times the size, the letters A B G D being 
retained to show the same points. Inside it is drawn what would, 
probably, be the actual diagram obtained from the engine itself. 
I shall start from the point A, and work round the card, giving the 
reasons for the difference between the two, for it is important that 
the relationship between them should be properly understood. 

Firstly, then, at A we seldom find the same pressure in the 
cylinder which the gauge on the boiler shows, the amount of this 
difference varies through considerable limits ; in this particular case 
I have taken it as 1 lb., which is small. The larger and shorter 
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the steam pipe is made, and the larger the port passages are made, 
the better the jacketing, and the slower the engine goes the less 
this difiference becomes ; bnt if the cylinder is much cooled at each 
exhaust the difference will be increased. 



FiQ. 10. 
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Turning to Fig. 9 we observe that if the crank axle revolves at 
a uniform speed, which it may be said to do practically, that it 
may revolve from the point A through a considerable number of 
degrees, while the piston moves forward very sKghtly; on the 
other hand, looking at the diagram showing the path of the eccen- 
tric, we see that at the point a, corresponding to A, the eccentric 
is in such a position that a few degrees revolution of the axle vnll 
produce a considerable movement of the sUde ; so that, starting 
fix)m the point A, the piston is moving slowly, while the steam 
opening is increasing rapidly. A little later on, at half-way between 
A and B, the piston has begun to move quickly, while the slide has 
reached the point where it gives the ma,ximuTn steam opening, and 
has begun to diminish that opening by travelling backwards : now 
the piston is moving more and more rapidly, while the slide is 
actually closing the steam opening. 

And when the crank pin has got round to B the piston is 
moving almost as rapidly as it ever did, and the steam opening is 
actually reduced to nothing, in fact the steam is cut off. The 
effect of this continually accelerated movement of the piston, which 
necessitates a continually increasing supply of steam at the back of 
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it to fill up the space in the cylinder, combined with the con- 
tinually diminishing facilities for the steam getting into the 
cylinder, is that the steam pressure gradually drops in the cylinder, 
as shown by the line A B', doing so most rapidly just before the 
point of cut off at B is reached. This point I have marked B' on 
the card, which I will for the future call the actual card. 

While the piston and crank pin move from B to C, Fig. 9, the 
centre of the eccentric moves from btoc, and the slide is pushed 
from position 1 into position 2. During the whole of this time 
the port in the cyUnder was closed. It is kept closed during the 
time required by the slide valve to travel the length of its lap, and 
from this it is clear that the amount of expansion in a cylinder is 
to a certain extent determined by the amount of lap given to the 
slide valve. 

While the piston then travelled from B to C, the steam pressure 
would gradually Ml owing to the expansion of the steam, and a 
curved line B' C (see Fig. 10) would be formed. This curved line 
would approximately follow Boyle and Mariotte's law, which says 
that the pressure varies inversely as the volume, that is, taking a 
particular instance, if you double the volume you halve the pres- 
sure. The curved line B' C is that part of the card which is 
formed during the time the steam is expanding, and the longer this 
line is, within limits, the more economically the steam is being 
used. The instant the axle revolves beyond the point C (see Fig. 9), 
the eccentric centre moves towards d, and the port passage in the 
cylinder is placed in communication with the passage to the con- 
denser ; the steam begins to rush out, and the steam pressure in the 
cylinder to fiall very rapidly. Here again, by looking at Fig. 9, 
we see that about the point D the piston is moving very slowly 
while the sUde moves rapidly, and rapidly enlarges the opening 
from the cylinder to the condenser, so that the steam has plenty of 
time to escape, and the curved line C D' is formed (see Fig. 10). 
After the crank pin is over the centre, and has begun to return 
towards E (Fig. 10), the steam which was not at out of the 
cylinder still rushes out, and the curved line D' E' is formed ; at 
the point E' the slide is back in position 2, shown in Fig. 9, and 
no more steam can escape from the cylinder. The vacuum in the 
cylinder is never so good as that in the condenser, the difference 
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between them varying very much ; the Une D' E' is therefore above 
the line D E, Fig. 10. If we suppose a vacuum of 28 inches mer- 
cury, as shown by the Une D E, to be in the condenser, we should 
probably get a vacuum of 25 inches in the cylinder at the best 
place, as shown by the line D' E'. And we may observe in passing, 
that supposing the barometer had stood at 30*75 inches, and that 
we had had a perfect vacuum in the cylinder, the line D' E' would 
have fellen down to the place marked line of no tension or no 
vapour pressure. 

As it is, we have some vapour left in the cyUnder, and the 
instant the axle revolves from the point E the cylinder port is 
closed by the slide face, and remains so during the time occupied 
by the slide in travelling over its lap, while at the same time the 
piston approaches the end of its stroke and compresses the vapour, 
giving the curved line E' F' ; at this point F' the slide opens a 
passage again for the admission of steam, and we begin the card 
over again. 

From this it is clear that the theoretical card is no very perfect 
guide to what the actual one is, but nevertheless it is the nearest 
approximation we can get, and it is consequently our safest guide ; 
but nothing but great experience will enable anyone to say with 
anything like certainty what the real card, as taken from the 
engine, will be. 

In the precedmg diagram we mentioned that during the travel 
of the piston from E to F the vapour which was left in the 
cylinder was compressed, and formed the line E' F. 

Although it might at first sight appear that in compressing 
this vapour the engine was actually destroying its own work, or 
doing useless work, this is not really the fact to any great extent, 
for this very same compressed vapour expands as soon as the piston 
begins to move away from the end of the cylinder on the return 
stroke, and gives out exactly the same amount of work, minus the 
friction, in expanding, which had been put into it while it was 
being compressed. It acts, in fact, very much like a spring would 
do, and so hx from this compression being a waste of power, 
it serves a most useful purpose. If it were not for it the piston, 
piston rod, and connecting rod, which are heavy bodies moving 
rapidly towards the end of the cyUnder, would by virtue of their 
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momentum pnt a heavy strain on the rubbing surfaces of the con- 
necting-rod ends and axle bearings, and on the holding-down bolts. 
As it is, the compression of the vapour requires a large amount of 
power, and this power is the momentum of the moving parts men- 
tioned. By compressing, then, we not only save friction on the 
rubbing surfaces, but the heavy jars are prevented which would 
come on all the joints at the moment when the motion of the 
piston was reversed : and this compression, if not carried too far, is 
economical in another respect. 

If absolutely no steam or vapour were left in the cylinder at 
the end of the stroke, the space to be filled by the incoming steam 
would be the port passages -I- the clearance between the piston and 
the end of the cylinder, and then, as the piston moved forward, the 
cylinder would have to be filled with steam up to the point of 
cut off, but if by compression the port passages and clearance were 
already partly or wholly full of steam, that amount of steam less 
would be required at each end of the stroke ; and the power lost 
in friction in compressing it would be small in comparison to the 
steam saved. 

Further, in order to prevent these jars at the ends of the 
stroke, steam is admitted into the cylinder before the piston 
reaches the end of the stroke. This is termed giving the slide 
lead, and partly produces the effect termed cushioning. 

Fig. 11 shows how, by giving lead to a slide, the diagram is 
altered. Fig. 11 is from precisely the same engine as diagram, 
Fig. 10, with the exception that the eccentric has been moved 
round the shaft a little more in advance of the crank than it was in 
Fig. 10. 

One effect of moving the eccentric round is to cut off earlier. 

Advancing the eccentric round the shaft causes the eccentric to put 

the sHde into all its various positions of admission, cut off, exhaust, 

cushioning, &c., a little earlier than formerly. We see that in 

6*7 
Fig. 10 the steam is cut off at yft ^^ t^® stroke roughly; while 

in Fig. 11, where lead was given, the steam was cut off at roughly 
5-62 

"icf- 

It is usual in taking diagrams from an engine to take two on 
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one piece of paper, both the diagram for the cover end of the 
cyUnder and that for the axle end. We have hitherto only drawn 
the card for the cover end. 



Fig. 11. 




It will be easily seen presently that if the connecting rod were 
of infinite length, and the same lead were given at both ends 
of the cyHnder, then the cards for both the cover and axle ends 
would be the same ; but in practice these conditions are never met 
witii except in very smaU engines, and consequently ihe diagrams 
are not the same. 

In Figs. 12 and 13 I have kept the lead at both ends of the 
cylinder the same, but varied the length of the connecting rod ; in 
Fig. 12 the connecting rod is supposed to be four times the length 
of the stroke, in Fig. 13 only one and a half times. The lead 
is one-quarter inch at both ends. These figures show clearly that 
as the connecting rod grows shorter in proportion to the stroke of 
the engine the card at the cover end becomes fuller and fuller, as 
compared with the card from the axle end. In other words, the 
cut off takes place later as the connecting rod becomes shorter, on 
the cover side. This is supposing that the same lead is given at 
both ends of the cylinders, but practically this is varied to a slight 
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extent ; as^ for instance, in inverted engines more lead is given 
on the bottom side of the piston to prevent, by greater cushioning, 
the effects which wonld be produced by the heavy flailing weights. 



Fig. 12. 
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I now proceed to give the system of constrncting a theoretical 
card for an engine. The use of such a card is to determine 
approximately what horse-power an engine of a certain size will 
indicate, or to determine what size an engine must be to indicate a 
certain horse-power. Without some such guide as this it would be 
next to impossible to determine even approximately the sizes of 
cyUnders required to do a certain amount of work under such a 

I will firstly draw the theoretical card for the engine we have 
just been considering, with a connecting rod four times the length 
of the stroke, with 30 lbs. steam. 

The Hne A B, Fig. 14, is drawn to any scale to represent the 
length of stroke. The distance A A' is then laid off along the 
same line to represent what is called the clearance. 

Fig. 14. 
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These clearances are the cubical contents of the port passages, 
and of the clearance between the back of the piston and the end of 
the cylinder, or the cover, and supposing them to be, when added 
together, ^y of the whole cubical contents swept through by the 
piston, then the distance A A' would be made yy of A B. In the 
present example tV l^as l^^en taken, so that the line A A is -^ of 
the length of the line A B. It is necessary to take these cubical 
contents into account, for the passages and clearances are filled 
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with steam at each stroke, and expand just precisely the same as 
the rest of the steam in the cylinder does after the steam has been 
cat off, and the vapour left in them is compressed in the same way. 

Starting then from the point 1 on diagram we shall probably 
have, instead of 30 lbs. pressure, only 281 lbs., and this pressure 
wiU be further dimmish^ nntU at 2. the iK:int of cut off. we 
should, probably, not find more than 24 lbs. of steam. The reason 
why the steam line would be curved in the manner shown has 
already been spoken of. This 24 lbs. is measured from the atmo- 
spheric line, and the meaning is that if you had a hole in the side 
of the cylinder exactly of the area of 1 square inch with a valve in 
it, you would have to put a weight of 24 lbs. on to the valve to 
just balance the steam pressure from the inside. 

We will now see how to determine the curve of expansion. I 
have supposed that the barometer stands at 30| inches of mercury, 
which represents a pressure of about 15 lbs. Measuring off 15 lbs. 
with our scale (the same one used for the steam pressure), below 
the atmospheric Une, we get the line which an indicator, pressed 
by the atmosphere on the top side of the piston, to the extent of 
15 lbs. to the square inch, and in connection with a perfectly 
empty or vacuous space on the bottom side, would give : This is 
the line C D. If we now measure up from the line C D to the 
point 2 we find that we have a total pressure of the steam or 
vapour amounting to about 39 lbs. In considering aU questions of 
expansion and compression of gases it is this total pressure, dating 
from the line of no pressure, which we must consider. The atmo- 
spheric line, it must not be forgotten, is merely a line showing 
what the pressure of the atmosphere happens to be at the time, 
and the expansion curve has nothing whatever to do with it. It is 
most important that the truth of this remark should be fully 
reaUzed. 

We have, then, a pressure of 39 lbs., and measuring back to the 
clearance line we find the distance from the point 2 is If of an 
inch ; using the pressure scale for convenience as the measure, we 
may say that, at a distance 30, we have a pressure of 39. 

We have virtually a cylinder with a length of 30 filled with 
steam at a pressure of 39 lbs. 

What will be the pressure at a distance 34 ? 
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We know that, according to Boyle and Mariotte's law, that 
the units of pressure of a gas multiplied by the units of volume it 
occupies, give always a constant quantity (see page 102). Now we 
have in this case a volume represented by 30 units^ and a pressure 
represented by 39 units; these multiplied together give 1170, 
which is the constant quantity, and if 34 be multiplied by 34^ 
approximately, we shall get 1170. 

34 X a? = 1170 ; 

.*. X = -^j- = 34} approximately. 

Again, at a distance of 38, we say 38 x a = 1170 ; and, there- 
fore, X = -^ = 31 nearly, and so we go on until we come to the 

line 3, 3', and there the expansion curve stops, for we know that 
when the piston has travelled from A to 3', the slide opens a 
passage either to the condenser, or to the open air, as the case may 
be. We shall presently see that the statement that steam expands 
according to Boyle and Mariotte's law, is not strictly true, but the 
law does give a sufficiently near approximation for all practical 
purposes. 

From the point 3 to the point 4 it is not possible to determine 
the shape of the diagram with any degree of accuracy. We have 
not sufficient data for determining at what rate a vapour like steam 
would escape through a continually varying aperture, out of a 
chamber of a continually varying size, but we know that the steam 
pressure must faU in something hke the manner shown until we 
get back to the point 4, where the slide closes the port. 

The port is kept closed until the piston has reached the point 
5, at which point steam is again admitted into the cylinders. 
Between the points 4 and 5 the steam is compressed in the same 
way that it expanded, following to a certain extent the law of Boyle 
and Mariotte. 

There is a point I may draw attention to now, viz. that any 
practically attainable speed at which the piston moves does not 
alter the expansion curve directly, but does so indirectly in this 
way : the fetster the engine goes round the less the time allowed to 
the steam to get in and out of the cylinder, and, consequently, the 
steam line, instead of starting at 28i^ lbs. starts lower, and the 
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vacuum line is altered by the steam not being able to get out as 
quickly, and we get the exhaust or yacuum line raised nearer to 
the atmospheric line. To obviate this the ports are usually made 
larger in engines running at high piston speeds. 

The theoretical card of one end of the cylinder only has been 
given, but in determining the power of the engine the other one 
should be made also in precisely the same way. The mean pressure 
of this card is 31 '2 lbs. If this were a single-cylinder engine 
making 120 revolutions, stroke 27 inches, and diametel: 24 inches, 
the indicated horse-power for one side of the piston would be 

(24)' X -785 X H X 120 X 31-2 _ ,^^ 
^^^^^ ^ llo. 

33000 

To sum this up, we see that to ascertain the indicated horse- 
power of a proposed engine the first thing to do is to fix the slide 
gear, the ports, the length of the connecting rod, the stroke and 
diameter of the cylinder, and then find out where the cut oflf takes 
place, and then lay out the rest of the theoretical or ideal card, from 
which the mean pressure and the indicated horse-power can be 
found. 

The manner in which these parts are determined is explained 
in various works on the slide valve : but the actual proportions are 
difierent with diflferent engineers. 

We have hitherto considered the ideal card of an ordinary expan- 
sive engine, and we shall now consider the method of determining 
the probable indicated horse-power of any compound engine. 

So far as the author is aware the following method has not 
been used before, and he has, therefore, been careful to verify it 
in a large number of instances, where the expansion was from 
5 to 9 times, before recommending it. The results are, in most 
cases, nearer than those obtained in the ordinary manner. The 
usual method of doing this is to find the volume occupied by the 
steam at the instant of cut oflF, and the volume of the low-pressure 
cylinder, and by dividing the latter one by the former the amount of 
expansion is determined. A theoretical card is then constructed in 
which the volume of steam at the instant of cut off is allowed to 
expand to the extent as found above, and a mean pressure found, 
from which the horse-power is calculated as if the expansion had 
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taken place in ft cylinder of the diameter of the high-preasure 
cylinder, but with a longer stroke. Thns if the cut oflf in the high- 
pressure cylinder had been at 2J tenths, and the low-pressure 
piston had been three times the area of the high-pressure cylinder, 
both haying the same stroke, then the expansion would have been (if 

we neglect clearances) ^^^=3 x 3, or nearly 11 times. Then laying 

out the card for an expansion of 11 times we get a certain mean 



2-75 



y X 11 



pressure, and a virtual stroke of ( ^^rr^ x stroke actual 

= 3 times the stroke actual, from which the indicated horse-power 
would have been calculated as if it had been a single-cylinder 
engine. 

The ideal diagram for a compound engine with cranks at right 
angles cannot be set out from the slide ellipses, as in the preced- 
ing case, with any degree of accuracy, and the process inyolyes a 
very large amount of calculating. The proposed method is the 
following: Suppose we wish to find out the probable indicated 
horse-power of an engine, such as we have been considering, and 
that the clearance amounts to ^th of the cyUnder. Lay off, as in 
Fig. 15, a distance AD, which represents the high-pressure 



f ; 



*vai *•••«■■••••■•■■ %^r « 



Fig. 15. 

C IP V SP 40 SP 




Zm* oT iw F^rttsur^ 



cylinder. In this case AD = 100 millimetres, the millimetre 
being a very usefol scale for this purpose.f To the same scale lay 
off A B to represent 2i tenths of A D = 27^ mm., and to the 

2'75 
* -j^ X stroke actual, is the measure of that portion of the stroke which 

takes place before expansion ; this multiplied by 11 gives the length after the 
expansion. 

t The diagram was reduced in the press, and, although correct to scale given, 
is not now in millimetres. 



THE INDICATOR CARD. 33 

left of A ky off a distance A E = iVth of A D for clearance. 
When the piston in the high-pressure cylinder has reached the 
limit of its stroke, the steam will occupy a volume proportional to 
E Dy and at the moment of cut off this steam occupied a volume 
proportional to E B, therefore the expansion in the high-pressure 

cylinder is =r^ = ^^ mm. If the low-pressure cylinder be 

treated in the same way we shall find the volume occupied by the 
steam at the end of the stroke is to the volume occupied at the 
moment of cut off as 108 • 5 to 62 • 25, allowance of tV for clearance 
to be made exactly as in the first case, supposing it to cut off 
at 5| tenths. What 1 shall in future term the coeiScient of ex- 
pansion must now be found by multiplying the ratio of expansion 
in the high-pressure cylinder by that in the low-pressure cylinder, 

. 108-5 X 108-5 ^ oo XT *. ' 4. IV A- 
VIZ. ^^ — ^ =5-22. Now returnmg to the diagram we 

oO X OZ * Zd 

must lay off EC, so that EC = 5-22 times EB = 36 x 5-22 
= 188 millimetres. And now, according to Boyle's law, con- 
struct the curve of expansion starting from the point of cut off, 
and remember that it is from E, viz. the clearance, that the 
volumes must be measured. Next lay off whatever is con- 
sidered fair for the back pressure, in this case 3 lbs., and then 
determine m the usual manner the mean pressure of the figure 
12 345. It will be found about 32 * 95 lbs. Now we must see 
what is our virtual stroke. The stroke of the engine is 3 feet ; the 
distance AB was taken to represent 2*75 tenths of 3 feet, which 
is equal to 27 * 5 millimetres, A C is equal to 179 * 5 millimetres, 
and therefore A C represents in feet 

179-5 /2-75 



27-5 



(Jj'tO \ 

-— X 3 j = 5*37 feet = virtual stroke. 



Instead of considering the engine as consisting of two separate 
cylinders, we may consider it to be a single cylinder of the dia- 
meter of the high-pressure cylinder, with a stroke of 5 • 37 feet. 
Supposing the high-pressure cylinder to be 52 inches diameter, 
then in order to determine the power of the engine going 67 re- 
volutions we say twice the stroke = 5-37 x 2, multiplied by the 
area of the cylinder 52^ x * 785 = 2120 square inches x the 

D 
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mean pressure 32*95 x revolations = 67 divided by 33000 = in- 
dicated horse-power. 

5-37 X 2 X 2120 X 82-95 X 67 --„- ^ttt* 

-, -— — ^ IDZi 1.11.1: • 

83000 

this engine on trial cutting off as above, indicated 1530. It 
may seem a little cnrious in this method of estimating the pro- 
bable horse-power, that the diameter of the low-pressure cylinder, 
the cylinder which usually does more than half of the work, should 
be entirely left out of the calculation. The tact is, that both this 
system and the usual one are quite empirical, and if applied to 
extreme cases might both of them give wrong results. They merely 
give us an approximation to the power, and the one that gives it 
the nearest is the best. In this latter system we only take into 
account the ratio of expansion in the low-pressure cylinder, and 
neglect its diameter ; in the former system an assumption is made 
that the steam is doing its fuU amount of work all the time it is 
expanding, which is an incorrect assumption. It is also to be noted 
that we have made very little allowance for wire drawing at the 
point of cut off. In the first place, in such an engine cutting off 
at 2t tenths, there is very Uttle ; and secondly tibe cut off took 
place practically at 2', so that by producing the curve up to 2, we 
get the virtual cut off as«&r as the expansion is concerned. 

It is from this point of virtual cut off that our calculations must 
depart 

The virtual stroke of any compound engine is found as follows. 

We know (see Fig. 15) that if we lay off E C to the same scale 
asAB 

since E = E D x ratio expansion in low-pressure cylinder ; 

but 

E D = stroke of high-pressure cylinder + clearance ; 

therefore 

E = (stroke of high-pressure cylinder + clearance) x ratio expansion 

m low-pressure cylinder. 

Now deduct A E from both sides, and 

EC - EA = virtual stroke; 

Virtual stroke = (stroke of high-pressure cylinder + clearance) x ratio 
expansion in low-pressure cylinder — clearance in high-pressure cylinder. 
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lemembermg that if the stroke ia ezpreesed in feet, the clearance 
niTist also be ezptessed in feet. 

I give jnst one other inatanco of thia method of calculating the 
indicated horee-power of a compoond engine. This is the caae of 
the large engines of the ' Spain,' a veeael belonging to the National 
Steamship Oompany. Stroke, 4^ feet. Cylinders, 60 and 106 
inohee diameter. Indicated hoise-power, 3043. 

Wh^i Mr. F. 3. Bramw^ read one of the beat papers which 

has been recently written on marine engines, to the membeES of 

the Institute of Mechanical Ei^ineen^ he showed the cards in 

Figs. 16 and 17, and stated that the shaded oard in Fig. 16 gave 

Fia. le. 

SS'Sand.TZ^Ua.inmt fnsmare ^ 1441 and 1iiOZa.F Total 2lHJ 
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10 per cent, has power than the shaded portion in Fig. 17, in 
which last £gnre the steam has been snpposed to expand continn- 
onsl^ in the one cylinder of the same diameter as the low-preeeore 
cylinder of the compocnd. (In Fig. 16 the high-pressure diagram 
has been shortened propoitionatoly to the area of the high- 
preesore to the low-preasnre cylinder.) This loss of 10 per cont. 
is said to take place in the receiver. Now, if the horse-power had 
been calculated as if the expansion had been the ratio of the ex- 
pansion in the high-pressure cylinder, multiplied by the ratio of 
expansion in the low-pressnre cylinder, the indicated horse-power, 

» 2 
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assnining a back preesoie of 3^ lie., would have come out Tery 
closely 3000 kdicatod horae-power, or aboat 1 ■ 4 per cent too low. 
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Figs. 16 and 17 are copied &om tlie Figs, in Mr. Bramwell's 
paper, pnbliahed in the ' Proceedings of the lustitate of Mechanical 
Engineers ' for 1872. I have to thajik the Conncil of the Institution 
for their conrte^ in allowing me to republish them. 

The point A was determined irom the points B, C, D, E, which 
agree very nearly with Boyle's law. The steam baa been sappoaed, 
in the calculation which gives 3000 indicated horae-power, to con- 
tinue to expand according to this law. 

I may notice, in passing, that if we consider the ratio of ez- 
pansioQ to be the volume occnpied by the steam when it exhausts, 
divided by the volume it occupied at the moment of cut ofT, or A, 
the ratio is about 6*95. According to the method which gives 
3000 indicated horse-power, aasnming the low-preesure cylinder 
to cat off at 5^ t^ths, it is 4 - 3. 

The compariscm here made by Mr. Bramwell, between the 
power developed by equal weights of steam, expanding in a simple 
cylinder and in a componnd engine, is a &ir one when understood 
in a particular sense. If each time that steam was admitted to the 
cylinders the same amount was condensed by the cooled cylinder in 
both cases, so that for each pound of steam which left the boiler 
we should have &e samo volume and pressure, after dedtidin^ for 
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condensation, ready to begin work in each cylinder^ then the ex- 
pansive engine is working at a considerable advantage, as shown 
by Mr. Bramwell : but if mnch more of the pound weight of 
steam leaving the boiler is condensed in the case of the expansive 
engine than in the compound, then, although the expansive engine 
may do more work by 10 per cent, with its one cylinder than the 
compound with its two cylinders, it maybe using perhaps 20 or 30 
per cent, more steam by weight ; that of course means that it is 
burning much more coal for a horse-power. 

That an expansive engine does condense a larger proportion of 
the steam between the point of cut off and admission and during 
the expansion than a compound does, is the case in the author's 
opinion. 

In Messrs. Loring and Emery's report of a trial conducted by 
them of two engines (see page 128), one a compound indicating 266 
horse-power, the other an expansive engine indicating 219, the 
steam pressure being in both roughly 68 lbs., they found that the 
water condensed in the compound high-pressure cylinder was 6*8 
per cent., in the compound lower-pressure cylinder 26-5 per cent., 
and in the expansive engine 31 '7 per cent. ; and the consumption 
of coal waa accordingly found to be less in the compound, or in the 
ratio of2 -43 to 3-13. 

FiQ. 18. 




^w. 



EmaxveDvamy oTCyhnders 114^^ Dianu of O/l. ITSSs" 

Len^ of Stroht 4^A « .TrunU46!^ 

I cannot, therefore, agree with Mr. Bramwell in his remark, 
that " the reflection is forced on one, that in using steam in com- 
pound-cylinder engines, the whole of the high-pressure engine 
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is abeolntely nselefis as a sonice of power, and in that respect, there- 
fore, is all waste of weight, of space, and of money." When we 
speak of power, we must not consider the cost of coal at whidi it 
is attained. 

There are many precautions to be observed in taking indicat(Mr 
cards, which are only to be learnt by practice, and it is only by a 
considerable amoimt of it thai an engineer can read a card correctly 
at sight. 

I give a few examples of cards taken from various engines. 
Fig. 18 is a card from a very large expansive trunk engine, by 
Messrs. John Penn and Sons, to whom I am indebted for it, and 
for several others which they have kindly given me. The first 
thing which strikes one here is the tremendous piston speed, 620 

Fio. 19. 




Fig. 20. 







BfkcCv^JhamjarjI.P.Cfy 38"^ Buxnu 

L.P . GG^T'Dtarrv. 
Len^ <f Stroke, Z^ory 

feet ; this gives rise to considerable wire drawing towards the cut 
off. The steam pressnre, read from the card, shows no drop below 
that on the gauge, which was, however, no doubt in the engine 
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room. The vacntim in the condenser is very good at 27|, bnt at 
times it ran up above this on the trial, and the steam gets out of 
the cylinders qnickly, giving exhaust lines nearly parallel, which 
is a very important point in a card. It is difficult to form any 
conception of the force required to stop such enormous masses as 
the piston and the connecting rod of a cylinder 122^ inches dia- 
meter, moving at a velocity of 973 feet a minute, or 16*2 feet a 
second, in less than one-fifth of a second, and again in the same 
interval of time to return to them their motion in the opposite 
direction. 




ReivlutuxnsS? 



SteanvSd J^AxujnvT^ 



Fig. 22. 



cu 




Dianv. SJ*. (yl. 5Sin4. JXanuL^. (yi. 30vu. Stroke' 4fL0ij^^ 



The next examples are Figs. 19 and 20, taken from a com- 
pound trunk engine by Messrs. John Penn and Sons ; the steam 
here shows considerably below the boiler pressure, but the cards 
show very little wire drawing, and the exhaust is a very fine one 
on the low-pressure diagram. These engines were highly efficient 
as regards the consumption of coal compared with the hoise-power. 

The diagrams. Figs. 21 and 22, are firom a compoimd inverted 
engine for the National Steamship Company's steamship ^ Helvetia,' 
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by Messrs. J. Penn and Sons. It would be difficult to point out 
any way in which these cards could be improved. They show 
practically no wire drawing towards the cut off with a splendid 
vacuum and free exhaust, and a high piston speed for this type of 
engine, viz. 456. The sharp corners at a and a, especially on the 
low-pressure diagram, show that the steam was dry, one of the best 
indications of wet steam or very slight priming being the rounding 
at these comers. The steam pressure was, as will be observed, 
very high. 

The high-pressure slide face was a double-ported one with cut- 
off slide in the back of the main sUde ; the low-pressure slide fstce 
was treble ported. 

With such cards before us, obtainable with the old, simple, well- 
tried link motion, it seems hardly vnse to be hunting after more 
perfect diagrams with a compUcated gear. 

Fig. 23. 




Fig. 24. 




DijamMJ'.(^U2iy^ .^ DumuLF. (^147^^^ Stroke. 2^ 9^ 

The next example is from Messrs. E. Napier and Sons' practice. 
Figs. 23 and 24. These, like the preceding, are very fine cards : 
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the piston speed, 470 feet, is high for snch a small engine. Of 
wire drawing there is none ; the wavy expansion line is perhaps 
dne to the indicator. The exhanst lines in the low-pressure 
cylinder are very good. 

For the diagrams, Figs. 25 and 26, 27 and 28, 1 am also in- 
debted to Messrs. B. Napier and Sons. They are all taken from 
the large compound inverted engines of the steamship ' Scholten.' 

Fio. 25. 




Jlek43huwns 66 



FiQ. 26. 
IMJ'.H.P.C^l 86S 




DUurvRP ^A7«*-__ DiamJLTCyLSS^y Stroke 4^.0^ 

The exceedingly high piston speed in Figs. 25 and 26 will be 
noticed at once, 520 feet. The steam line drops a little more than 
in the case of the ' Helvetia,' but there the piston speed was 456, 
or 64 feet less. It will be observed also that to meet this high 
speed, a little more cushioning has been allowed. The all-important 
question of the vacuum is here very satisfactorily answered. Figs. 
27 and 28 are from the same engine, while working at much lower 
powers : they show an arrangement of sUde gear which could not 
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easily be soipassed so far as the cards show. Messrs. Napier 
informed me that the high-pressnre slide is donble ported with 
gridiron expansion on the back, and the low-pressure slide is donble 
ported with a fixed cnt-off plate on the back, an ingenious arrange- 
ment by which a practically qnadmple-ported slide is obtained. 




RwduMuwie41 StxanuGO ^^vcujum/2^% 



Fig. 28. 




Mr. Brotherhood has kindly sent me specimens of cards taken 
from his patent three-cylinder, single-acting engine. They are 
shown in Figs. 29 and 80. The exhaust is a very sharp one, and 
the amount of cushioning would be considered very excessive in 
marine work, but is perhaps necessary in these engines. 

The wayiness of the expansion line is due to the use of a weak 
indicator spring, at such high revolutions. The weakness of the 
spring makes itself felt more conspicuously than one would be 
inclined at first sight to suppose, for the following reason : the 
weaker the spring, the more rapidly the steam will ccmipress it, 
and consequently the greater will be the velocity kA the indicatoir 
piston in rising ; but tiie momentum of a body is proportional to 
the square of the velocity at which it is travelling, and it is this 
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mamentum which carries the piston above the point to which 
the steam pressure alone would compress the spring. When the 
momentum has been destroyed by the spring, the spring then 
forces the indicator piston below the point where it and the steam 
would be in equilibrinm, and then it is again forced too high. 



Fig. 29. 



Sfmamu&6 Mgi^obiXLons 206 







Fig. 30. 

SteanifGO Re^dbutions Ztl 

I.HJP. one. CyL 206 
... J (yU. Gl^ 



SodL^ if 




Strokes W^ 



J 



These alternate up and down movements produced by the momen- 
tum, combined with the lateral movement of the card, give the 
wavy line. It occasionally happens, as in Fig. 23, that only one 
of these diagrams shows the wavy line. The cause has not been 
learnt by the author. 

Through Mr. Webb's kindness, I am enabled to give some 
exceedingly interestmg cards taken from locomotive engines of 
the 'Precursor' dass, designed for working the heavy express 
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passenger traffic of London and North-Western Bailway by Mr. 
Webb. See Figs. 31, 32, 33, 34, 35. 

Fig. 35 is taken at a tremendous piston speed, 1180 feet. At 
the more nsnal speed of forty-nine miles an hour, the piston speed 
is 1000 feet. 

FiQ. 31. 
KCtxuhRS Bailor PhusmnSlhs. 

Stui^in^ auJtyoT 




VCcojokeB 



Fio. 32. 

JBoder Bnessar^ 128Jbs. 
Speecb 28Mle9 p^Sr 

S(ra¥ ZiiinmM took 




MJf ei'8 
IJLP 483 



It is worthy of notice that between the speeds of 28 and 58 
miles an hour, the indicated horse-power varies only from 483 
minimnm to 592 marimnm — ^a ratio of 1 to 1 *22. The gradient 
and the load dragged did not, however, remain the same. All that 
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may probably be inferred is that the engine was working near its 
maximnm power all the time. It will be observed also that the 
steam pressure remained very much the same throughout. The 
difference between the boiler pressure and the cylinder initial 
pressure in Figs. 81, 32, and 33 is roughly 8 to 10 lbs. 



15 Coojoh/BB 



FiQ. 33. 
JBoCber IVycBsar^ 128 Tbn 




Fig. 34. 



f^Oxidves heavy ram/ it 
sLd^ -mnd/HLowing cu€alt^ 



Saa^Thessart 126 Ihs. 
Speed 4S2mjB8 per Sr 
OraJunt 1 in/. 1060 dowrv, 
-R&fi^^sai^ Strata 29i tarns bcu^. 




MP. 38 7 
Rey? 260 
JJLE SSZ 



For the diagrams shown in Figs. 36 and 37 I am indebted to 
Mr. G. Salt. They are taken from one of the large stationary 
engines driving the various machines in the Saltaire Mills. 

The piston speed in Fig. 36 is rather high, 720 feet. 
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The indicator may also be used to show the varying pressnres 
in the air and cumlating and feed pnmps ; bnt none of these are 
of any great practical importance. 



tt 



FiQ, 35. 




Fig. 36. 




Fig. 37. 

JHamA Q^ SOins. 

Str6k» .... 7 it 

Steaiw .... SO He. 




There is another yariety of indicator card which is very instmc- 
tive, an example of which is given in Fig. 88. The anthor took 
this from a diagonal paddle engme indicating 98, built by Messrs. 
J. Penn and Sons. The cylinders, jacketed, were 18 inches 
diameter and 27 inches stroke ; revolntions 52. 

It will be seen that in the fignre there are firstly the two ordi- 
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nary cards made by attaching the string of the indicator to some 
moving part of the engine^ the movements of which part corre- 
spond with the movements of the piston. The cover end card is 
drawn in fall black lines, the axle end in dotted ones. 



Fig. 38. 




In addition to these, two other diagrams were taken in the 
following manner : — Without removing the card from the barrel of 
the indicator the string was disconnected from the piston rod and 
attached to the slide rod. The indicator barrel now received its 
motion from the slide rod, and was quite disconnected from the 
piston. The indicator was then worked precisely as in the ordinary 
manner, connection being first made between it and one end of the 
cylinder and then the other. The result was two cnrions looking 
figures with a loop at the top of each. The slide card belonging to 
the cover end is shown in fall black lines ; that belonging to the 
axle end in dotted ones. These cards enable us to determine 
accurately the point of cut off on the ordinary card. 

If we observe the point A on the slide diagram, a little con- 
sideration will show that it corresponds to the point A' on the 
ordinary or piston-rod card. It is at this point that the slide 
opens and a sudden inrush of steam takes place, and the pencil of 
the indicator follows the line of the arrow. The slide opens wider 
and wider until it reaches its maximuni opening, viz. D E, and 
then it begins to close, and when it reaches the point from which 
it started the steam will just be cut ofi^ and the pencil of the indi- 
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cator will be at B, for to find the point of cnt oflf on the slide 
diagram we have merely to draw a line at right angles to the 
atmospheric line through the point A, and where this line cuts the 
slide diagram again is the point of cut off on that diagram. If we 
measure from B down to the atmospheric line, we find the pressure 
in the cylinder above the atmospheric incline at the point of cut off, 
and if we rule B G parallel to the atmospheric line we know that 
the point is the point on the card where the pressure is equal 
to the pressure at the instant of cut off. The point is therefore 
the cut off. The point of cut off for the axle end may be found in 
the same manner. Inasmuch as the puUey on which the indicator 
string runs on the indicator is usually slightly larger than the 
barrel of the indicator, P G will not represent the whole travel of 
the slide perfectly, but this may be ascertained by measurement. 

Supposing it to be S, then =^1 X D E = actual steam opening at 

the cover end. 

Again, the distance from A to A" must be equal to twice the 
lap* if there is no inside lap on the slide, because the two steam 
openings (which are slightly different) + twice the lap, must be 
equal to P G, and deducting the two steam openings, viz. D E and 
the opening at the other end (not drawn in), we have A A" left. 

Divide this distance in two, rule a line perpendicular to the 
atmospheric line, and another through the point where this line 
cuts the slide card parallel to the atmospheric line, and this will 
give us the point in the piston or ordinary card where the exhaust 
took place, viz. H. If, however, there had been inside lap on the 
slide, it would only have been necessary to lay off from the point A 
towards A", a distance equal to the inside + the outside lap, to the 
same scale as F G compared with the real stroke of the slide, viz. 

PG / \ 

-^ X f inside + outside lap j . 

Such slide cards are, however, of no good where there is an 
expansion slide on the back of the main slide. 

♦ Supposing F G to represent the whole travel correctly. 
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STRAINS ON THE AXLE. 



The indicator card gives us the best guide to the strains upon the 
crank axla 

In considering this question, I shall in the first place neglect 
the weight of the moving parts, and take them into the calculation 
subsequently, when it will be found that they may very considerably 
alter the shape of the curve of strains. 

And firstly, I will give a very simple method of making these 
calculations. Let H in Fig. 39 represent the centre of the axle, 
and HB the centre line of the crank at any portion of the 



Fig. 39. 




stroke, and A B the connecting rod in the corresponding position. 
Produce AB until it cuts the line HD, drawn at right angles 
to A n, at D. Then if P be the total pressure on the piston, 
as shown by the card, the torsional strain will be in all cases 
P X H D. The proof is this. The force P acts in a direct 
line towards the centre of the axle, that is, along the line A H ; 

AD 

therefore the thrust along the line A B is P x -r^' We have 



AH 



AD 



therefore a force acting along the connecting rod = P ^-=, and 
this force we may suppose to act at the point D. Now let us 

E 
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resolve this force into one acting along the line D F, which will 
produce no strain tending to rotate the axle, and therefore we need 
say nothing more of it, and the other along the line D E ; this 

latter is (^"7^) X j-^. = ^, and P x DH is therefore the 

moment of the tangential force, or the force tending to rotate the 
shaft. 

The friction has been neglected in the above, as well as the 
inertia of the moving -paxta and their weight. 

In determining the rotary strain at different points of the 
stroke, all we have to do is to produce the centre line of the con- 
necting rod until it cuts the line HP, and then multiply the 
number of units of distance in H D by the total number of units of 
pressure on the piston ; taking pounds, inches, or any other quan- 
tities for the units, and remembering that the answer will be in 
these units. In the case of an oscillator the strain is slightly 
different. At each point it will be readily seen to be P x HD 
X cosine of the angle of inclination of the centre line of the 
cylinder to the vertical centre line. In an oscillator the pressure 
acts, so to speak, along the connecting rod, that is, along the line 
A B and not along the line A H. 

The first case which I shall take is that of an oscillating low- 
pressure engine, with cylinders 63 inches diameter and a stroke of 
4 feet 6 inches. The distance from the centre of the trunnion to 
the centre of the axle was 9 feet. 

The indicator card from the engine is drawn to such a scale as 
to be exactly the length of the stroke, and placed under it (see 
Pig. 40). The crank-pin circle may be divided into 20 equal 
parts, 1, 2, 3, &c., but more are better, and from them with 
centre 0, which is the centre of the trunnion, are struck a series of 
circles. The distances of the points where these circles cut the line 
C, from the point A, show what position the piston is in, at the 
points 1 , 2, 3, 4, &c. If lines are ruled from them to the card below 
we see the pressures corresponding to these points. And then to find 
the moments of the tangential force we multiply Pi X area of the 
cyUnder x C D x cos. COD, and Pa x area of cyhnder x C E x 
cos. C E. We may, however, in practice omit to multiply each 
time by the cos. of the angle of inclination, because the greatest 
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r introduoed is only 3 per ceat. in this case, wliich is a &ii 
[>la of any oidiuar; oecillator. 

Fig. 40. 
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Having calcnlated tlie momente of the tangential forces at all 
the different points, 1, 2, 3, &c., the next thiag (see Fig. 41, where 
the same points 1, 2, 3, &c., are shown) is to draw radial lines 
thiongh these points, and then starting from the crank-pin circle, 
lay off distances ontside this circle along these radial lines propor- 
tional to the moments. Joining all the terminal points, we get a 

E 2 
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cnrve of strains, a, 6, e, d, e, &c., for one cylinder on the up stroke. 
The caxd for the down stroke must now be worked ont in the same 
way, and we get the curve a', V, c\ d', &c. 

In a screw engine the shaft has to transmit the torsional strain 
of both cylinders continually from the engine-room to the screw ; 
but in the case we are considering, a paddle engine, there is a 
wheel to each cylinder, although when the ship rolls one wheel 
may be doing a very little work for a short time. If the one 
wheel were to come out of the water entirely both cylinders would 
strain the same piece of shafting, and as they take on to cranks at 
right angles we should proceed in the following manner to find the 
curve of strains on that piece of shafting. 

On a piece of tracing paper make a tracing (see Fig. 41), 
showing the two curves a, b, e, d, e, &c., and a', h\ c\ d\ Then keep- 
ing the centre on the tracing paper, over the centre 0, turn the 
tracing paper through 90°, or a quarter of a circle,* and then prick 
off the curves through the tracing paper on to the figure below. 
This gives us the dotted curves, and they represent the strain 
of the second cylinder on the shaft, while the curves a, 6, c, d, &c., 
represent the strain of the first. In order to ascertain the total 
strain we must now add together the strains of each, and we get 
the curve S,S,S,S, &c. Thus MQ = NQ + PQ. The curve 
S, S, S, represents the total moments in whatever units we may 
have adopted of tangential force of both cylinders at all portions 
of the revolution, supposing the whole power to be transmitted 
to one wheel. 

From this curve we see what the maximum strain is which the 
shaft will ever have to bear so fer as steam pressure is concerned, 
and if the ideal card for the engine had been used we might make 
use of this knowledge in determining the proper diameter of the 
shaft. 

We see on the curve S, S,S, that the distances measured 
radially from the points S, S, S, to the crank-pin circle do not vary 
very much; or, in other words, the force tending to rotate the 
axle is moderately uniform ; the smallest distance being to the 
largest in the proportion of 80 to 100. 

In Fig. 42 is given the curve of strains on a compound-engine 
cylinders 34J and 56 inches, 3 feet stroke, cutting off at close 

* Or whatever number of degrees one crank is in front of the other. 
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upon ^ths in the high-pressure cylinder. The greatest twisting 
strain on the crank in this case is to the smallest as 100 to 37. 
We see that in this case the variations of strain on an axle of 
a compound are considerably greater than those on the axle of a 
low-pressure oscillating engine. On Figs. 43 and 44 the cards are 
shown in full black lines &om which the strains were calculated. 



Pig. 42. 



Every i\,^rfra%vrv7ruAalfy aAtJidjE^ . 
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On Fig. 45 is the ideal card j? x v = c of a two-cylinder 
engine, 39 inches diameter, 3 feet stroke, running 67 revolutions. 
The piston speed of this engine is the same as that of the com- 
pound just considered, the indicated horse-power is also the same, 
and the same weight of steam at the same boiler pressure is used 
per indicated horse, that is, supposing there to be the same amount 
of condensation in the cylinders. The tangential strains produced 
by such a pair of cylinders are shown on Fig. 46, and comparing 
that figure with the one for the compound, it will be seen that the 
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TnaxitmiTn strains are nearly the same, and the Tninimnm strains 
not very different 

Fia. 48. 



Caver 



Re^tutwns (*1 
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Fig. 44. 




The question which now remains is to observe how the strains 
on the shaft are modified by the inertia and by the weight of the 
moving parts. 

For this purpose we shall consider the cnrve in Fig. 42 
produced by the compound engine before referred to on page 87. 

The piston rods with brasses weighed each about 9*4 cwt., or 
1050 lbs., being the same for the high and low pressure cylinders. 
The connecting rods weighed each about 10*5 cwt., or 1180 lbs. 
The high - pressure piston weighed 7 cwt., or 784 lbs., and the 
low-pressure piston weighed 15*5 cwt., or 1740 lbs. The total 
weight of the high-pressure piston, piston rod, and connecting rod 
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is therefore 3014 lbs., and the total weight of the low-pressure 
piston, piston rod, and connecting rod is 3970 lbs. 

FiQ. 45. 

JV*2 CyU DumLcf (yji Jd'T' Stroke^ J'^IT RcM G7. 

Mearv PressuTe> of Card wdh^ square pffrrurs 
drwrv tobntA.B,^23-3 U>it. 

Meoa^ JPressurV' of OxnaL wclh rounded. oorn£rs 
dtMTV CO bn& CD. . 23 Slbs 




Trial I H F for hoth.J^. €7€ 




-Imsun. O 



Fig. 46. 
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The engine in question was of the inverted direct- acting type, 
and in considering the curve of strains it is clear that we have to 
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deal with three separate qnantities : first, the strains produced by 
the steam, the curves of which we haye abeady laid ont ; secondly, 
the inertia of the moving parts which has to be overcome four 
times each revolution for each cylinder : that is to say, they are put 
in motion during the first half of the down stroke ; then that motion 
must be destroyed ; then they are put in motion on the up stroke, 
and again the motion has to be destroyed ; and thirdly, we have in 
the case of a vertical engine to take into account the dead weight 
of the moving parts if there are no counter-balance weights on the 
shaft, this dead weight acting against the steam on the up stroke, 
and with it on the down stroke, whatev^ the piston speed of the 
engine may be. The counter-balance weights destroy the torsional 
strain produced by the weights of the moving parts, but double the 
transverse strain, and introduce other objectionable forces. Let us 
firstly consider the weights. 

In this engine the high-pressure piston, piston rod, and con- 
necting rod weighed 3014 lbs., and the area of the cylinder 
was 935 inches. On the up stroke we have a weight of about 
3^ lbs. on each square inch of the high-pressure piston acting 
against the steam, and on the down stroke acting with it. In 
order, therefore, to get at the actual torsion curve, the steam 
line of the cover card must be raised 3^ lbs. all along it, and the 
steam line of the axle end card must be lowered that amount. 
And the same process should be gone through with the low-pressure 
cards, and the cards so altered are corrected for the weight of the 
moving parts. This is so simple that I have not given the curve 
produced in this way. The next question is the effect produced 
by the momentum or inertia of the moving parts. 

The first thing is to see how the velocity at which a body is 
travelling and its momentum (used here in its ordinarily understood 
sense of vis viva) are connected. The momentum of a body 
depends soldy upon its weight and upon the velocity at which it is 
travelling. 

If a weight of 10 lbs. is at any moment travelling at a velocity 
of 100 feet a second, whatever direction it is moving in its momentum 
at that moment is precisely the same as it would have been after 
falh'ng through the height necessary to give it this velocity. The 
two weights are the same, and so are the two velocities, and there- 
fore the momentum is the same in both. 
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So that wheneyer we have a weight moving at any velocity we 
can say that its momentum is that of a certain weight falling 
through a certain distance, and the momentum of all moving 
bodies can be referred to this standard. But a body fSEdling 
through a certain distance represents^ or is equivalent to, a certain 
number of foot-pounds, as referred to before when speaking of 
indicated horse-power on pp. 3 and 4. So that the momentum of 
every moving body can be represented by speaking of it as so many 
foot-pounds : by which we understand that the energy expended in 
imparting a velocity to a weight, or in destroying that velocity, is 
exactly equal to the energy required to raise a certain number of 
pounds one foot high. And we see at once the error occasionally 
entertained that the momentum of a body has an equivalent in 
dead weight. The blow of a steam hammer has an equivalent in 
foot-pounds, but none in dead weight. 

Now elementary dynamics show us that if V is the velocity at 
which a body travels, and h the height through which it must &11 
to gain that velocity, and t the time during which it is falling, 
then 

* = J fl' **> aiid V = fJ^TgTh, and V = gr . f , 

Where g represents the force of gravity, which is a uniformly 
accelerating force giving a velocity of 32 * 2 feet a second to f all in g 
bodies : for g we may write 32 • 2 in the above equations. 

Now applying these formulaB to the case of a weight travelling 
with a velocity V, W x A is the measure in foot-pounds of the 
body's momentum (W being the weight and h the height through 
which it has Men) ; but since 



Y:=^2.g.h, /. V« = 2.^.A and h = ^ 

therefore by substituting we get 



WX An: W 



This shows us that the momentum of a body varies as the 

square of the velocity. 

Suppose, for example, a weight of 60 lbs. travelled with a 

60 X 30^ 
velocity of 30 feet a second, the momentnm is — grrx" = ^^^ 

foot-pounds. 
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Having found a simple formula which will give ns the 
momentum of a moving weight in fbot-ponnds, we will return 
to the engine. 

In making the necessary calcalations I shall assume what 
c«m.t b. proved to be 3t, but wHck i, so ,»y n«»l,, ™. 
that the rotation of the crank pin is uniform, and, farther, I have 
neglected the movement from side to side of the correcting rod. 

Consider two points, A and B, on the crank-pin circle near 
together. Fig. 47. While the crank pin travelled from A to B the 
piston, &c., moved through a certain distance from G to D. At the 

Fig. 47. 

if 




instant when the crank pin passed A, the piston, &c., were moving 

at a certain velocity along the line E F, and if we call this velocity 

y 2 

Vi, then the momentum of the piston at the point A is W ^^ 

2.g 

where W represents the weight of the piston, piston and connecting 

rods. When the crank pin is at B the velocity is now Vg along the 

ya 
line E F, and the momentum of the moving part is now W . g-^ • 

if 

w w 

Since ^r- V,^ was the momentum of A, and ^r— Y^ was the 

momentum at B, the momentum added to or taken from the piston 

W 

in passing from to D is necessarily ^ (Y^ - Vi^) . If, then, we 
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can calcnlate the yelocities at these two pointd, we can then cal- 
culate the diflference in the momentum. 

Momentum is, as we have seen, measured in foot-pounds ; there- 

W 

fore ^ (Vg^ — Vi^) is an expression for a certain number of foot- 

pounds which have been expended between D, C D being expressed 
In feet. Let P be a pressure or weight raised through a distance 
C D, then P x C D represents the foot-pounds, and if the amounts 
are made equal 



and therefore 



PxCD = J(V,«-V,«), 



^^W(V,^-\,') 



2.flf.CD 



That is to say that a pressure, P, moved through a distance C D re- 
presents an amount of energy equal to that which the piston, &c., 
have gained in passing &om G to D ; and from the work done in 
turning the shaft between these two points that amount of energy 
must be deducted. If we divide P by the number of square inches in 
the piston we get at a pressure per square inch which earned through 
the distance D is equal to the momentum acquired by the piston. 
From the pressure as shown by the indicator card we must deduct 
this new pressure. After this has been done a new point, H, on the 
crank-pin circle is taken, and the pressure to be deducted between 
B and H found, and so on round the half circle. The dotted lines 
in Figs. 43 and 44 show the pressure to be deducted in this 
particular instance. 

We have deducted a series of uniform pressures between C and D, 
&c., but, in fact, the pressures are not uniform ; we have deducted 
or added, as the case may be, the proper amounts, but not precisely 
in the proper way. 

We know that if the pressures to be deducted are not uniform, 
being less than our main pressure, as shown by the dotted lines at 
one point, and greater at another, the lines marking such pressures 
will cut each of the short dotted lines somewhere, and we may by 
joining the centres of these dotted lines get a card which will very 
nearly represent the pressure straining the axle torsionally. This 
has been done in this case, and Fig. 48 shows in fall black lines 
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the strain produced by such a corrected card, and the dotted black 
lines show the strain of the original cards^ as already shoTm in 
Fig. 39. 

Fig. 48. 



(^/UndjcTi 




Although the strains, which are not shown, for each cylinder 
considered individually are much altered, those for the two cylinders 
together are not so. It may be noticed that the mean pressure of 
the corrected card must remain the same as that of the original 
one. Any momentum acquired by the pistons at the beginning of 
their strokes, and represented in the indicator card by a deduction 
of pressure, is returned to the shaft towards the end of the stroke 
when this momentum is destroyed or transmitted through the con- 
necting rod, where it is represented by an increase of pressure. In 
flEict, the momentum of the parts does not in any way (excepting 
friction) affect the whole horse-power, merely altering the manner in 
which it is exerted. It will be remembered that no correction was 
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made for the dead weight of the moving parts ; see p. 39. The 
engine has in &ct been treated as if it had been a horizontal one. 

We now must see how the velocities of the piston, &c., at the 
different points may be found. This may perhaps be done as 
quickly and more safely by drawing out the connecting rod and 
crank-pin circle to a large scale, but it may easily be calculated as 
foUovra : 

In Fig. 49 let A B, or 0, be the connecting rod, let the throw 
be represented by E, and let the distance A be represented by x. 
Plane trigonometry tells us that 

= Vx* + E« — 2Ba; cos. a, 

.-. 0« = a;* + B* — 2Ba; COS. o, 

.-. a;« - 2Ba7 COS. a + B« — C* = 0. 

This is a quadratic equation, the solution to which is 

2B COS. a + V { (2Boo8. g y + 4(0« - B«) } 
a?--, 

And it must be remembered that when a becomes greater than 90° 
its cosine becomes negative, making 2 B cos. a negative, but leaving 
its square positive as before. 




This is an equation from which x may easily be found cor- 
responding to diflferent values of a. At the very beginning of the 
stroke x was equal to + B , and if we deduct the new values of 
X corresponding to the various values assigned to a, from this 
constant C + R, we get the distances which the piston has travelled 
from the beginning of the stroke, when the crank is at the various 
angles a, which may be 10°, 20°, 30°, and so on to 180°. 

Now looking at the four points wxyz at equal distances on 
the circumference of the crank-pin circle : if we deduct the distance 
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the piston has travelled from the beginning of the stroke at W from 
the distance it has travelled over at x, we get the space marked Si, 
similarly we find spaces Sg, S3, &c. The first thing then is to 
calculate all the spaces Si, S2, S3, &c. Now if ^ be the time in 
fractions of a second occupied by the crank in revolving from 
w? to aj, a; to y, &c., the velocity at the point x of the piston (not 

S -4- S 

the crank pin) may be considered as being — ^ j . This is only 

an approximation, but approaches nearer and nearer to the truth as 
the distances wx,xy are made smaller. If S, &c., had been calcu- 
lated in inches, the velocity in feet at the point x would be nearly 
a I q 

y^— -^— — ^,and similarly the velocity in feet at y may be considered 

S -4- S 

as Yo~^ — 9 ^ i ' ^^^ therefore the momentum gained by the piston 

in passing from a; to y, that is, through the space S2, or lost, accord- 
ing aa there is an increase or a diminution of velocity, is according 

W / \ 

to our formula ^ x ( Vg^ — Vi^ j 

w (( s, + s, Y / s, + s, Y\ . 

2^ IV12X2.«/ Vl2x2x«//* 

and if P were a uniform pressure moved through a distance in feet 
of J, then 

12 2^1 (12x2x0* /' 

and 

W ^^ (S, + S,)' - (S, + SO* 



• P = 



2 X 32-2 X 12 X 4 X t« Sj 



If, as in the case considered, the distances w x . xy , y z 
had been taken corresponding to 10^ the spaces Si, S2, Sj, &c., 
are easily calculated from the formula given, by logarithms, and 
the subsequent calculations are mere numerical ones. 

W 

'^ 2 X 32-2 X 12 x4x^^ ^ calculated and represented by 

C, then 

p _ p (Si + s«y - (S, + s,y 

P is thus calculated for each of the spaces Si, S2, S3, S4, &c., be- 
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ginning at the beginning of the stroke. It represents the uniform 
pressure which when moved through spaces Si, S2, S3, &c., equals 
the momentum gained or lost, as the case may be, by the piston, &c., 
while moving through the same spaces. If these uniform pressures 
be divided by the number of square inches in the piston we get a 
uniform pressure per square inch to be added or deducted from the 
steam pressure as shown on the card through the spaces Sj, S2, 
S3, &c. See Figs. 43 and 44. 
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FX7EL. 

Whenever fael of any description, either wood or coal or lignite, 
or in &ct when any body, as tallow, grease, oil, or coal gas bnms 
in the open air either quickly or slowly, that body combines with 
a certain portion of the air, and forms a chemical compound. This 
compound is generally a gaseous one at first, but does not always 
remain so. When charcoal bums, the resultant product is entirely 
gaseous ; when coal bums, the large proportion of the resultant 
product is gaseous, a certain portion is not so. When a piece of 
iron is bumt, the scales which are the resultant product are alto- 
gether soHd; there is no gaseous matter formed. 

A large amount of heat is generated whenever a body bums, 
and a constant amount of heat is always generated when the same 
substance is bumt under the same conditions, and the same chemi- 
cal products are the result. Thus, you cannot bum a ton of coals 
one day and generate a certain amount of heat, and bum another 
ton of the same coal on another but similar day, and get a different 
result. It must be remembered that each particular sort of fuel, when 
completely bumt, will generate a certain constant quantity of heat, 
no more and no less. This must not be understood to mean that 
in all cases a ton of any fuel, as coal, wiU invariably evaporate the 
same quantity of water in a boiler, but merely that in burning it 
invariably gives out the same amount of heat. Whether the same 
proportion of the whole heat given out is in all cases absorbed by 
the water in the boiler, is another matter, depending very much 
upon the rate at which the coal is bumt, and the order in which 
the fires are kept. If the fires are pushed, the gases escaping up 
the chimney become hotter, and there is a consequent waste of 
fuel; or again, if the fires are allowed to bum into holes, a large 
quantity of cold air rushes through the bars, without being bumt, 
and cools the boiler. 



FUEL. 65 

I will now endeayonr to show, firstly, what the chemical com- 
pounds are which are formed when coal bums, and secondly, what 
the constant amount of heat given out by burning carbon is, what 
relation this bears to the work done by an engine, and what the 
relation should be if the engine and boiler were perfect machines. 

The atmosphere has been ascertained to be composed of two 
elementary colourless gases, nitrogen and oxygen, in the proportion 
by weight of 76 * 9 of nitrogen to 23 • 1 of oxygen, and by volume 
in the proportion 79*1 of nitrogen to 20*9 of oxygen. 

These gases are called elementary because they cannot be de- 
composed, or resolved into any simpler gases. They are not the 
result, so feu: as is at present known, of the combination of any 
other gases. They are ready to form compounds with other ele- 
ments under &vourable circumstances, and these compounds may 
be again decomposed into the same elements, but there the decom- 
position of the compound, or more properly, the disnniting of the 
elements, stops. 

Of these two elementary gases which together form the atmo- 
sphere, only one, viz. the oxygen, combines with the coal when it 
bums. The other, the nitrogen, is merely heated by coming into 
contact with the burning coal and the products of the combustion, 
but enters into no combination. 

The amount of either oxygen or air required to effect the 

complete combustion of a pound of coal is known. It has been 

determined by chemists by experiment, that when 12 lbs. of pure 

dry carbon or charcoal (which is by &r the largest constituent 

paxt of coal which bums), bum completely in the air, they unite 

vnth 32 lbs. of oxygen, and therefore when 1 lb. of such substance 

32 
bums in the air, it unites or combines with — = 2* 667 lbs. of 

x^ 

23*1 
oxygen, and since oxygen is only the -=^rjr- part of the atmosphere 

by weight, therefore 1 lb. of carbon requires 2 • 667 x qqtt ^''^* 

Ao * J. 

= 11 '545 lbs. of air to effect its complete combustion. 

The product of this combination of a solid and a gas is a gas 
called carbonic acid, and whenever carbon is completely bumt in 
the air, this gas is formed. 

F 
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We see that whenever carbon is completely burnt, we have two 
hot gases going up the chimney, viz. the carbonic acid, and the 
nitrogen of the air. 

The ordinary meaning of the term gas as appUed to coal gas 
for illuminating purposes is a very restricted, narrow one ; chemists 
apply the term to all substances which are neither hquid nor 
BoUd, with a qualification to be noticed later on, and it is in this 
wider sense that the word has been used above. Thus the suffo- 
cating fames from burning sulphur, ammonia, carbonic acid, sul- 
phuretted hydrogen are all gases. 

If. while the carbon was bnming. an insnfficient ^supply of air 
had been allowed to it, an incomplete combustion would have taken 
place, and some of the carbon, instead of burning so as to form 
carbonic acid, would unite with only one-half of its proper allow- 
ance of oxygen, and would form a gas called carbonic oxide. A 
combustion is said to be incomplete when the burning body, which 
is coal in this case, has not been able to unite with as much oxygen 
as it is capable of uniting with. The reason why a certain portion 
of the carbon would unite with only ^ and not | or f of the whole 
amount of oxygen it could unite with, will be found in all chemical 
works, under the Atomic theory. This carbonic oxide will, how- 
ever, bum when it comes in contact with fresh air, provided it 
has not been too much cooled, and will then form carbonic acid. 

When flames are seen coming out of the top of a chimney of 
a marine boiler, it is chiefly this carbonic oxide which is burning, 
not the flame of the fire below which reaches up that height; this 
flame is composed partly of other gases, as will be seen later on. 
We may be sure that whenever carbonic oxide is so formed that 
the coal is being burnt at a great loss, a great quantity of the 
heating power is being sent up the chimney. This loss is far 
greater than one might at first be inclined to imagine, for the 
amount of heat given off by carbon in burning to its first stage, 
viz. to carbonic oxide, is not nearly so great as that given off in 
burning to its second stage, viz. to carbonic acid. I shall refer 
again to the subject of carbonic oxide when I come to speak of the 
amount of heat developed by burning fuel 

It is important to remember that when coal or carbon bums, 
carbonic oxide is first formed, and if a sufficient supply of air is 
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admitted, the carbonic oxide nnites with a second portion of oxygen 
equal in weight to the first, and instantly forms carbonic acid. 

We hare up to the present moment considered what the pro- 
ducts are when the pure element, carbon, bums in the air, but as 
a matter of fact we seldom or never have to deal with anything 
but mixtures of pure carbon with other bodies. Goals, for instance, 
are never pure carbon, and more than this, no two coals ever have 
precisely the same composition. Coke is not pure carbon nor is 
charcoal, although much more nearly so than either coal or coke. 
Wood again contains all sorts of things besides pure carbon. 

The following is a list of some common coals and their compo- 
sitions, &om which it will be seen that they all contain mineral 
matter, and more or less gaseous matter also ; by gaseous is meant 
that the matter is gaseous in its elementary form. 

The figures have been averaged from those given in Dr. Percy's 
* Metallurgy.' 

Table showing the Approximate Ck)MPOSinoN8 op various British Coals 
(the prinoipal constituents only being mentioned). 





Northumberland 

Nottingham 

Blaina, S. Wales 


Carbon. 


Hydrogen. 


Oxygen. 


Ash. 


Oaeiko Goal 


80-3 
77-4 
83- 


5-3 

5- 

5-7 


10-7 
7-8 
6-2 


1-7 

4- 

2-6 


KoK-CAKTNO Goal. 


South Staffordshire .. 
Ayrshire and Fifeshire 
Dowlais 


74- 

79-3 

86-5 


4-8 

5- 

4-4 


• • 

• • 

• • 


2-6 

* 1-4 

3-4 


CaNNEL GOATi) .. 


Wigan 


82- 


5-6 


• • 


2-6 


OoT^w ,. 




89-6 
91-5 


• • 
3-3 


• • 

2-7 


8- 


Anthbacite .. 


South Wales 


1-6 



Note. — " In calculating the heat which a coal will generate, that hydrogen 
only which is in excess of the amount required to combine with the oxygen in 
the coal is to be considered as available.'' — Authority : Percy. 

All those constituents of coal which will combine with oxygen 
are valuable as fuel and will generate heat, and all those which 
have already combined with as much oxygen as they will unite with 
are useless for that purpose. The products formed by the combus- 
tion of all these different elements are very various, but for practical 
purposes, so flEu: as the heat generated is concerned, the great tsuct is 

F 2 
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that the carbon forms either carbonic acid, or oxide, and that the 
hydrogen nnites with oxygen to form the vapour of water. 

To determine the theoretical evaporation of coal, we must 
ascertain how much of its constituent parts are capable of uniting 
with oxygen, and then see how much heat is generated when a 
pound of each of these bodies bums. This theoretical evaporative 
power of coal is not, however, a good criterion of its steaming 
qualities, for these do not depend upon the chemical composition of 
the coal only. Thus one coal may cake too much, another may 
require too strong a draught, a third may crumble very much and 
go to waste with the ashes. Some coals again, and wood especially, 
contain a large quantity of water, and part of the heat generated 
by them in burning, goes to the evaporation of it. Other coals 
contain a large quantity of ash, which prevent their being very good 
for steaming purposes. 

It has been determined experimentally that carbon in burning 
from the soUd condition to carbonic acid generates 14,544 units of 
heat, and carbon in burning to form carbonic oxide generates 4452 
units. That is to say, one pound of carbon in burning to form 
carbonic acid generates heat sufficient to raise 14,544 lbs. of water 
1° Fahr. If then it generates 14,544 units of heat in burning to 
carbonic acid, and only 4452 units of heat in burning to carbonic 
oxide, it follows that carbonic oxide, containing 1 lb. of carbon, 
would generate in burning to carbonic acid 10,092 units: so 
that carbon in burning through its first stage to carbonic oxide 
gives oflf only 30 • 6 per cent, of that which it gives off in completely 
burning through both the first and second stages to carbonic 
acid.* 

We see then the necessity of admitting a sufficient supply of 
air to the coal and burning, not allowing any of it to escape in the 
form of carbonic oxide, and the prodigious unnecessary waste which 
takes place when carbonic oxide is allowed to bum in or at the top 
of the chimney instead of in the furnaces. 

Nearly all coals, more especially the caking ones, contain con- 
siderable quantities of gaseous matter, or more properly, a consider- 
able quantity of matter which is in its elementary or uncombined 
condition in the form of a gas. When such coal is placed in a 

♦ Hydrogen in burning to form water generates 62,032 units F. 
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retort and heated from the outside, as is the case when coal gas is 
made, the water and a large quantity of gaseous matter is distilled 
off, and this same distilling action takes place in the furnace of a 
boiler. The gases so formed escape unbumt if an insufficient 
amount of air is admitted, and as in the case of the carbonic oxide, 
if they are not too much cooled in passing through the tubes of the 
boiler, they take fire when they get through them and come in 
contact with air, or when they come to the top of the chimney. 
Here again we see the importance of a sufficient supply of air. 
And we may observe in passing that one very bad effect of small 
boiler tubes, where the draught is not strong, and where the gases 
consequently pass through them slowly, is to cool them and put 
out the flame before the combustion is complete. 

Smoke is carbon chiefly, in an extremely finely divided con- 
dition, and is of course, weight for weight, a dead loss of fuel to the 
stoker, who does not get even a fraction of the total heat, as in the 
case of carbonic oxide. 

We have now seen what are the chief products of combustion 
of coal, and what the amounts of heat are which carbon gives out 
in burning. 

I shall now proceed to the consideration of what the relationship 
existing between the heat developed by the coal and the work done 
by the engine is, and what the relationship should be with perfect 
apparatus. 

Two very distmguished men, both Hying, one an Englishman, 
Joule, the other a German, Mayer, established by two very dif- 
ferent methods the law that the same amount of heat is always 
equivalent to the same amount of mechanical work ; and conversely, 
that the same amount of mechanical energy will, when turned into 
heat, always produce exactly the same amount of it. 

They ascertained what the corresponding amounts of heat and 
work are, and by so doing opened the eyes of engineers to the pro- 
digions waste which is going on in every steam engine, and infect 
almost everywhere where fael is used. I shall return to both Joule 
and Mayer's methods later on in the chapter upon the expansion 
of gases ; but at present I prefer to lay stress on Joule's method of 
approaching the subject. 

Dr. Joule, of Manchester, had a vessel containing v^ater, in 
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which he conld cause to rotate round a vertical axis a series of 
paddles. At the top of this vertical spindle he fixed a horizontal 
pulley, and round it wound a long string, fiwtening one end to 
the pulley, and leading the other end over a second pulley 
placed vertically to a weight, to which the string was attached. 
So long as the weight was stationary the paddles were perfectly 
still; but the moment the weight began to fall the paddles 
were constrained to revolve, and continued to do so until the 
weight was stopped. During the movement of the paddles the 
water was violently agitated, and the effect of this churning 
was to raise the temperature of the water slightly. Joule found 
that this rise of temperature depended upon the height through 
which the weight had Mien, and upon the amount of that weight. 
He found, after making a very large number of experiments, con- 
ducted in a great variety of ways, that a weight of 1 lb. falling 
through 772 feet would raise 1 lb. of water through 1° Fahr. ; or, 
what is just the same thing, a weight of 772 lbs. falling through 
1 foot. The number 772 is the one now generally accepted, and 
this number is what is called the mechanical equivalent of heat ; 
but in stating the mechanical equivalent it is important to remem- 
ber what units it is expressed in. In this case the imits are foot- 
pounds and degrees Fahr. 

The knowledge which this law of Joule's gives us is exceedingly 
valuable. From it we learn that in the very best engines that can 
be made, we are only getting a most insignificant part of the whole 
power out of the coal which there is in it. And in the author's 
opinion it shows the futiUty of attempting to eflfect any very great 
saving in coal by means of new arrangements of slide gear, and the 
whole host of other small matters which do no doubt in a measure 
contribute to the efficiency of an engine, but never can become 
radical improvements. 

Supposing a vessel to have performed a voyage during which 
the amount of coal burnt has been carefally noted, and that indi- 
cator cards have been taken at regular intervals from the engines, 
so as to enable us to say what the average indicated horse-power 
has been. We will take an engine averaging 2500 horse-power, 
and burning on a ten days' voyage 600 tons. This would be 
equivalent to a consumption per hour of 5600 lbs. And the con- 
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sumption per indicated horse-power per hour would be ^--^^ 

=s 2 J lbs. very nearly. 

As we have seen before, some of the coal is not of any value, a 
portion being incombustible. If we turn to page 48, we shall see 
that the anthracite contains in round numbers only 90 per cent, of 
carbon. K we neglect the other constituents, we may consider 
that, instead of burning 2^ lbs. of coal per indicated horse-power 
per hour, we are burning 90 per cent, of 2J lbs. of pure carbon, 
or just about 2 lbs. 

We know that a pound of carbon generates, while burning to 
carbonic add, 14,500 units of heat, that is, gives off as much heat 
as will raise 14,500 lbs. weight of water 1° Fahr., and therefore 
2 lbs. will generate 29,000 units. 

We are therefore generating in round numbers 29,000 units of 
heat, and getting in exchange 1 * indicated horse-power. 

We have just seen that one unit of heat is equivalent to 
772 lbs. raised 1 foot high, and therefore 29,000 units of heat are 
equivalent to 22,400,000 foot-pounds. But an indicated horse 
means 33,000 lbs. raised 1 foot per minute, which is equivalent to 
33,000 X 60 lbs. raised 1 foot high per hour = 1,980,000 foot- 
pounds. 

We see then that we are burning coal sufficient to raise 
22,400,000 foot-pounds, and are actuaUy raising 1,980,000. We 
are, in &ct, out of a very good engine getting about one-eleventh 
of the power we should do. 

No improvement which has been made to the steam engine 
since the time of Newcomen, in the first quarter of last century, 
would be in point of importance at all comparable to that which we 
can only hope for, which shall enable us to get even one-third of 
the theoretical mechanical equivalent of the heat of the coaL 

When we see this tremendous difiEerence between the work we 
should have got out of the coal, and the amount we really did get, 
we are naturally lead to reflect upon the causes, and to endeavour 
to discover where the greater part of the loss takes place. Such 
consideration must precede any rational attempt to effect radical 
improvements in the steam engine. 

We will b^in at the beginning, and follow the water in 
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the boiler through its different stages ont of the boiler into the 
engine, throngh the engine, and ont of it into the condenser. 

When cold water is first heated the temperature goes on rising 
continually until it begins to boil, and when that point is reached 
there is no further rise in the temperature until the whole of the 
water has been evaporated. During the whole of this time vapour 
keeps rising from the water, and when once it boils the vapour 
comes off very rapidly. Vapour comes off water at all tempera- 
tures, and even rises off ice. 

Boiling begins when the bubbles formed at the lottom of a 
vessel rise without condensation to the top ; but as vater usually 
contains a large quantity of air dissolved in, and is able to hold less 
in solution as it gets warmer, so, as the temperature rises a great 
number of air bubbles are formed, and rise to the tcp without con- 
densation or being redissolved, but this is not boiling. When the 
steam is formed at the sides and bottom of the vessel, and in 
the body of the water as well as on the surface, tken boiling has 
begun. When bubbles of steam begin to form at the bottom, and 
rise without condensation to the top, we may be sure that the ten- 
sion or, as engineers would call it, the pressure of the steam inside 
the bubble must be exactly equal to the pressure outside it. If 
this were not the case, if it were either greater or less, the bubble 
would begin to expand or be compressed. The pressure on the 
outeide of the bubble is the pressure of the air plus the pressure 
due to the head of water over the bubble. This latter is however 
small, as compared to the pressure of the air. 

If, then, the pressure of the air over the water i^ere diminished, 
by carrying the vessel up a mountain, the preaure inside the 
bubbles becomes correspondingly less, and boiUng goes on at a 
lower temperature; and if the pressure had been increased, the 
temperature of boiling would have risen, for the pressure of the 
steam and the temperature are inseparably connected, that is to say, 
whenever the water boils at any particular pressure it will always 
be at the temperature due to this pressure : the higher the tempera- 
ture the higher the pressure. 

Tables III. and IV. show the pressures and the corresponding 
temperatures of steam. 

If instead of the water having been boiled in a vessel open to 
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the air we had boiled it in a dose boiler, the steam would not have 
been able to escape, and the pressure would have risen continually 
until the safety valves had lifted. The steam should then escape 
as rapidly as it is formed, and boiling would go on regularly at 
the temperature corresponding to the tension at which the valves 
blow. 

And I may take the present opportunity to speak of the differ- 
ence between the tension of steam and the pressure, a matter which 
is not always very dearly understood, although the two things 
are perfectly diflferent. If you had a valve of exactly 1 square 
inch area placed on the top of a boiler, as a safety valve is, and 
loaded with a weight of 60 lbs., this valve would begin to blow 
when there was a pressure of 60 lbs. in the boiler ; but the tension 
of the steam in the boiler would be 60 lbs. plus whatever weight 
the atmosphere pressed on per square inch. If this were 14^ lbs., 
then the tension of the steam would be 74^ lbs. If the whole 
boiler were surrounded by a vessel from which all the air had been 
pumped, it is dear that we should then require to load the valve 
with an extra 14^ lbs., instead of the atmosphere, bringing the 
total weight required to balance the steam up to 74^ lbs. The 
tension of the steam is the thing to look to chiefly ; it always 
corresponds to a certain temperature. The pressure does not do 
so exactly, owing to changes in the weight of the atmosphere ; for 
instance, 60 lbs. steam may sometimes be of a tension of 75 lbs., 
at other times of 74 lbs. 

Betuming now to the boiler, which we shall suppose to be 
worked at 60 lbs. pressure, corresponding approximately to a tem- 
perature of 307° Fahr., and that the feed water is pumped into the 
boiler at 132°. Fahr., if we examine Table V. (which will be 
explained in the chapter on gases), we shall see that steam at the 
temperature 307° Fahr. contains 1176 units of heat. By this is 
meant that if you pass 1 lb. weight of steam at 60 lbs. pressure 
into water at 32° Fahr., the steam in condensing will give out heat 
suffident to raise the temperature of 1175 lbs. of the cold water 
through 1° Fahr. To turn 1 lb. weight of feed water at 132° 
Fahr. into a pound weight of steam at 60 lbs. pressure, we must 
put in 1176 - 100* = 1076 units of heat. 

♦ 1320 Fahr. are 100° above the freezing point 
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Anthracite contains approximately 90 per cent, of carbon. One 
ponnd of carbon generates in burning 14,500 units of heat, and 
therefore a pound of anthracite generates 90 per cent, of 14,500 
units, or 13,000. But if it only evaporates 8 lbs. of feed water, 
and each of these pounds when so evaporated contains 1076, then 
we are getting only 8 x 1076 = 8600 units, instead of 13,000. 
And therefore we see that for each pound of anthracite so burnt, 
4400 units of heat go straight up the chimney and are lost We 
are getting in the shape of steam about 66 per cent of the whole 
power in the coal, and losing about 34 per cent. 

From this we see that the bulk of the loss of the fael does not 
take place in the boiler ; only a loss of 34 per cent, in the above 
case. In the case of an engine in which the horse-power represents 
one-eleventh of the whole coal burnt, the total waste of the whole 
engine, condenser, and boilers amounts to 91 per cent. . So that 
the boiler can be credited with a waste of only about one-third of 
the total waste. 

Until a student is quite fiimiliar with such calculations as the 
above, he must only look upon them as safe general guides to 
investigation into the causes of the waste of fuel; he must not 
consider them as absolutely correct. (I am not here speaking of 
the tables.) 

No engine and boiler ever probably worked exactly as we are 
describing this one. In one case you have a good boiler and a bad 
engine, and in another a bad boiler and a good engine, and most 
frequently both are bad. Then the rate at which the boiler is 
fired and a host of other considerations put all possibility of absolute 
correctness out of the question. When the student is familiar with 
them he will see where such calculations are liable to lead him astray. 

From this point we may proceed to determine the power we 
are getting out of the pound weight of steam. 

We have already assumed the pound of anthracite to be capable 
of evaporating 8 lbs. of water at a boiler pressure of 60 lbs. This 
pressure corresponds to a temperature of 307° Fahr., and at this 
pressure and temperature the steam occupies about 348 times the 
volume of the water from which it was formed, so that the 8 lbs. of 
water will occupy approximately 8 x 348 x 27 • 7 cubic inches = 
77,000 cubic inches (1 lb. of water occupies 27 * 7 cubic inches). 
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We will now suppose these 77,000 cubic inches to be expanded 
in a cylinder, giving what is called an expansion of 6 times, taking 
iV^h clearance into consideration, and supposing there to be no loss 
from condensation, leakage, wire drawing, or cushioning, and that 
the expansion takes place accbrding to Boyle and Mariotte's law. 
Such steam in expanding would give the indicator card in Fig. 50, 
and a mean pressure of 38 lbs. If the reader takes the trouble to 

Fig. 50. 
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make the calculation he will find that a cylinder 63 inches diameter, 
with an 8-foot stroke, and -A^th of the stroke clearance, would 
require 77,000 cubic inches steam to fill it with boiler pressure 
steam, and give an expansion of 6 times. 

The foot-pounds done by this steam in expanding are found by 
multiplying the area of the cyUnder in inches, by the stroke, and 
by the mean pressure in lbs., viz. 38. This gives 940,000 foot- 
pounds; but, according to Joule's experiments, 772 foot-pounds 
represent 1 unit of heat Fahr. 

We have therefore transformed into work ^-^y^, or 1220 
units of heat. Let us compare this quantity with the total heat in 
the steam. The steam contained 8600 units, and out of these we 
have utilized 1220 units, or |th approximately. This |th is |th of 
the heat in the steam, not |th of the heat in the coal. The heat 
in the steam was -nnr of the heat in the coal, so we have developed 

as foot-pounds |th of AV ^^ ^^ ^®^^ ^ *^® ^^^ ^^ ttt? • 

From the cylinder the steam passes into the condenser, from 
which it is returned to the boiler as feed water at 132° Fahr., 
according to supposition. And the whole of the heat in the steam 
which we put into it, after deducting the 1220 units which appecur 
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in the cylinder, yiz. 8600 - 1220 = 7380 nnits, passes away in 
the circulating water, and is irretrievably lost. It must not be 
forgotten that throughout these calculations we have assumed the 
feed water to be at a temperature of 132° Fahr. ; but if the feed 
had been at a higher temperature the evaporation per pound of 
coal would have been higher, not very much, but still it would 
have been so to a certain extent, and the horse-power per pound of 
fael would have been greater. With a feed at 132^, and a so-called 
expansion of 6 times, we see that 7380 units of heat in the steam 
are lost out of a total quantity of 8600, or very nearly 86 per 
cent. : 14 per cent, of the heat of the steam which leaves the boiler 
is used, 86 per cent, is thrown away. 

We see from this that the great loss of fuel at present is not 
in the boiler, but lies between the cylinder and the condenser : the 
boiler does 66 per cent, of what it should do, the engine only does 
14 per cent, of its duty. And what is still more to the point is 
that not only the relative inefficiency of the engine is greater 
than that of the boiler, but it is so absolutely ; for we find, by 
referring to page 74, that out of all the heat devebped by 1 lb. 
of anthracite, 4400 units go up the chimney and are wasted by the 
boiler, whereas out of all the heat generated by 1 lb. of anthracite 
no less than 7380 are thrown away in the circulating water, or 1 '7 
times as much coal is wasted absolutely by the engine as is wasted 
by the boiler. 

The effect of a warm feed water is to economize fuel. The 
boiler evaporates more water per pound of fuel, because to turn the 
feed water into steam it begins higher up the scale of temperature, 
but the saving is due to the condenser, which does not allow so 
much heat to pass away in the circulating water. In the example 
we have been considering 1 lb. of anthracite gave us 8 lbs. of 
steam, and put into them 8600 units of heat, but if the feed water 
had been at 140° instead of 100° above the freezing point, we 
should have saved 40° units on each lb. of feed water, or a total of 
320° units ; and instead of getting steam containing 8600 units 
we should have got steam containing 8920 units, or nearly 4 per 
cent, more power. 
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CHAPTEE IV. 

CONSUMPTION OF STEAM. 

In the last chapter, the fact that there is a great waste of heat in 
the engine and condenser was pointed out. It now behoves ns to 
go more into the details of the question, and to endeavour to dis- 
cover what are the causes of loss, and how much of the loss is to 
be assigned to each particular cause. 

Various authorities have given us their views on these ques- 
tions, and it is not a Uttle remarkable that there should be so much 
apparent difference of opinion among them. It is necessary, in the 
consideration of their views, to bear in mind that the engine of 
1876 is a very different thing to what it was ten or fifteen years 
ago, and that what was an absolutely correct opinion when appUed 
to the older engine, is not necessarily so when applied to the more 
recent one. 

I make this remark because I shall presently quote the obser- 
vations and opinions of undeniable authorities who are now no 
longer Uving, and because some of their views are not at all in 
accordance with the best opinions of the present day. Their views 
are, nevertheless, of great value to us, not only in illustrating the 
progressive development of the engine, but as a caution against 
forming general conclusions too readily, even when such con- 
clusions are based on a very extended experience. 

Economy is generally supposed to be attained by a considerable 
degree of expansion, but if we turn to vol. xvi.* we shall see some 
very curious remarks on this subject by the late Mr. Humphrys, a 
man who was as well qualified to speak as any Uving. He said : 
" In fact he had never found an instance in a steamboat where the 
cost of the power was less, when working expansively, than it was 
when working fall power. The moment a marine engine began to 
work expansively, beyond what was due to the set and lap of the 

* *Proo. Inst. Civ. Eng.,' p. 362. 1856-7. 
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slide, the speed of the piston was reduced, and an important 
element in obtaining economy in working steam expansively was 
lost." 

And he gave the following table for H.M.S. * Fury/ a paddle- 
steamer 515 horse-power. They are the records of her perform- 
ances for three or four years. The calculations were made by Mr. 
Humphrys from data suppUed by the engineer : 



Full power . . 

Ist grade expansion 

2nd 

3rd 

4tli 

5th 

6th 

7th 



>» 
» 



» 



»> 



»> 



Coal Consumed 


Per Day. 


Per LH.P. 


50 


3-97 


40 


4-24 


36 


4-79 


33 


5-46 


28 


5-57 


22 


5-8 


19 


7-53 


15 


8-87 



Distanoe mn 
per Day in 

Statute Miles. 



264 
240 
222 
211 
190 
155 
130 
110 



Distanoe the 

Coals would 

last. 



2112 
^400 
2466 
2555 
2698 
2790 
2730 
2926 



The late Mr. Dinnan said that he had found on H.M.S.S.* Dee/ 
a paddle engine working at 10 lbs. pressure, that when the steam 
was cut off earUer than half stroke the consumption of fiiel was 
incr^ed immediately.* 

This question of expansion has been discussed continually by 
engineers, and it is one which will, most probably, continue to be 
so for long ; but besides this there are many others, among them 
the one. Is a high boiler pressure economical ? 

Mr. T. E. Crampton, speaking to Mr. Bramwell's paper on 
marine engines,t gave some interesting results of experiments con- 
ducted by Mr. Humphrys and himself thirty years ago, on a single- 
cy Under pumping engine, jacketed, 18 inches diameter, 20 inches 
stroke ; there was an ordinary slide with expansion slide on the 
back, and a surface condenser. The first experiment was with 
steam at 70 lbs. pressure above the atmosphere, and an expansion 
of 12 times. The pressure was reduced 10 lbs. at a time in suc- 
cessive weeks, until it reached 35, with an expansion of 6 times. 
The consumption of fuel compared to the water lifted remained 
practically the same, and amounted to 2 J lbs. per indicated horse- 

* * Proc. Inst. Civ. Eng.,' vol. xvili. pp. 266-7. 
t *Proc. Inst. Mec. Eng.,* 1872, p. 166. 
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power per hour when the indicated horse-power was measured by 
the water actually raised, and 2^ if measured by the indicator. 
From this it might be safely inferred that, in this particular 
instance, high boiler pressure, with an early cut off, was not more 
economical than a low pressure and late cut off. 

Then there are such questions as the following, which'an engi- 
neer has to answer : What the effects of expansion in two or more 
cylinders are, of high piston speed, surface condensation, wire 
drawing, jacketing, slow combustion, Ac." 

Most of these questions will be referred to in this chapter ; but 
it is not pretended that anything like all that can be said, about 
questions on which such variety of opinion exists, has been said, or 
is even known to the author. 

The economy in point of fuel of an engine, especially a con- 
densing one, is dependent upon so many conditions, varying inde- 
pendently, that it is extremely difficult to say what is, or is not, 
the cause of any saving. If an engine be tried most carefully 
under a certain set of circumstances, and then again tried, one of 
those circumstances only being changed (to all appearances), as 
has been repeatedly done, the difference in the results cannot be 
with certainty attributed to that soUtary change; for, although 
the engine works apparently under precisely the same set of cir- 
cumstances, one only excepted, this is not really the case, for it is 
perfectly impossible to change one circumstance without changing 
one or more of the others. 

As an example, I will refer to Messrs. Crampton and Hum- 
phrys' experiments above. They found that increased boiler 
pressure gave no more work for a pound of steam condensed than 
the lower pressure gave; and assumed high pressures to be not 
economical. But supposing we consider that higher pressure in 
the boiler must mean a wider limit of temperature through which 
the metal forming the cylinder has to oscillate, and reflect that the 
wider this limit the less economically the steam must work, we see 
that if precautions could have been taken to prevent this an 
economy might probably have been formed in working steam at a 
high pressure. And again when the pressure fell, in the 
experiments, the piston speed very probably fell also. There is 
however so Uttle doubt, judging by more recent experience, that 
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high pressure is a most efficient means of economizing steam, that 
nothing more need be said on the subject here. 

Mr. James Wright has given * the following interesting table, 
showing the results of a trial which was made in July, 1865, on the 
service boiler of H.M.S. * Oberon.' The pressure must be ascer- 
tained. 



Water evaporated 

to 1 lb. of C!oal 

coDSumed. 



9-2 
8-6 
8-43 



I 



Goals burnt per 

Square Foot of 

Fire Grate per hour. 



15-57 
17-69 
24-04 



Total Coal used. 



6,884 

7,676 

10,594 



The temperature of the feed was close upon 65° Pahr. Welsh 
coal was used ; the total fire bar was 75 • 98 square feet ; the trials 
lasted close upon 5| hours. Comparing the first with the third 
trial, we see that although the coals were burned in the third case 
more rapidly than the first in the proportion of 1 to 1 • 54, the 
evaporation has only fallen off in the ratio of 1 to ' 92. So that 
although we lose 8 per cent, more of the fuel, we get half as much 
more work in the same time out of the same boiler shell. 

In the case of the United States revenue steamer * Rush,' the 
evaporation per lb. of fuel at 69 lbs. pressure was 7*55 lbs. of 
water, and the rate of combustion per square foot of fire bar per 
hour 11-4 lbs. The results in this case were of a most reliable 
nature. The experiments will be referred to again at fall length 
on p. 127. The trial lasted fifty-five hours. 

We now come to the question of superheating. There is 
abundant testimony that coal is economized by superheating, but 
there is an obvious limit to the desirable amount of it, which is the 
temperatura If this rises too high we begin to destroy all lubri- 
cation, faces begin to score, and packing begins to bum, and we 
find that in compound engines working with steam at temperatures 
corresponding to pressures of 60 to 80 lbs., superheating has not 
been adopted to anything like the extent it was in the days of 20 
to 30 lb. steam. Although we are approaching this limit when we 

♦ * Report of the Committee on Designs,* p. 210. 
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work with such steam, it does not appear that we have reached it, 
for we have locomotives working at 140 lbs. pressure and running 
at piston speeds of 800 or 900 feet, and in the case of some London 
and North- Western engines by Mr. F. W. Webb, even 1200 feet a 
second, which is considerably in excess of marine speeds. 

Mr. Dinnen, when speaking of H.M.S.S. *Dee,' whose engines, 
with jacketed cylinders, were made in 1832 by Messrs. Maudslay 
and Field, said her " best performance when working at full power, 
with common steam over a period of ten hours, was 3 • 9 lbs. of 
Welsh coal per indicated horse-power per hour." But " when the 
steam after leaving the boilers at a temperature of 237° " (cor- 
responding to about 9 lbs. per square inch of boiler pressure) 
"had been superheated to 377°, the result was 2*74 lbs. per 
indicated horse-power per hour taken over a period of ten hours, 
as in the experiment with common steam. The expansion gear was 
employed during this trial, the steam being cut off exactly at half 
stroke." 

The late Mr. Humphrys, speaking * in the year 1860, made the 
following remarks upon the performance of the Peninsular and 
Oriental Steamship Company's vessel 'Ceylon': firstly, without 
superheated steam ; and secondly, with it. The cylinders were not 
jacketed, 72 in. diameter, 3 feet stroke, going from 50 to 60 revolu- 
tions. On an average of seven passages with ordinary steam the con- 
sumption per voyage there and back was 1500 tons. He then applied 
a superheater, which increased the temperature of the steam rather 
more than 100°. She had since completed five voyages, and her 
average consumption was 1100 tons ; the cylinders, sHdes, &c., were 
in better condition than before. The saving here was 400 tons on 
1500, or close upon 27 per cent, of the amount consumed before 
superheating. 

In a ship named the * Alhambra ' the consumption fell from 19 
to 13 cwt. per hour. And in the screw steamer ' Nepaul,' from 36 
to 17 tons a day, which is a very substantial saving. 

On the same occasion the late Mr. Beardmore, of the General 
Steam Navigation Company, mentioned the case of a vessel running 
between the Thames and Scotland in which on an average of twelve 
voyages the consumption had been 126 tons previous to super- 

* * Proc. Inst. Civ. Eng./ vol. xix. p. 473. 

a 
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heating, and which fell to 90 tons when the fteam was superheated 
100°. 

How it happens that the addition of the small quantity of heat 
to the steam which is added by superheating enables us to get so 
much more power out of it will be considered later on. That the 
quantity of heat added is small, we shall see at once. 

The case of the ' Dee ' may as well be taken as any other to 
show this. 

With plain steam it was found that per indicated horse-power 
the consumption was 3 * 9 lbs., and supposing the evaporation was 
7 lbs. of water, then the water per indicated horse-power per hour 
was 7 X 3-9 = 27*3, which I shall call 27 lbs. of steam at a 
pressure of 9 lbs., and a corresponding temperature of 237° Fahr. 
One pound of such steam contains 1154 units of heat, and 27 
therefore contain 31,200 units, and for this expenditure of steam 
we get 1 indicated horse-power per hour. 

Now, taking superheated steam, we got an indicated horse-power 
for 2 * 7 lbs., and supposing the firing the same in both cases we get 
2*7 X 7 = 18*9, say 19 lbs. of steam, these contain before super- 
heating 19 X 1154 = nearly 22,000, and after superheating do as 
much work as the 31,200 units above. 

Now let us see how much heat we have put in. By super- 
heating we have raised the temperature from 237 to 377, viz. 140° 
Fahr., and the weight of steam so raised is 19 lbs., so that if we 
had been heating water we should have put in 19 x 140 = 2600 
units of heat ; but to raise a pound of steam through 1° Fahr. only 
requires approximately half of the amount of heat necessary to 
raise 1 lb. of water,* so that when we raised the 19 lbs. of steam 

19 X 140 
through 140° we put into it ^ = 1330 units. 

Now going back, we had 22,000 units in the steam before 
superheating, and then put 1330 more in, giving us a total of 
23,330, and out of this we get as much work as out of 31,200 
units of heat in saturated steam. So that it must be seen clearly 
enough that the work done by superheating steam is not pro- 
portioned to the amount of heat which we put into it when we 
superheat it, and further, that the total quantity of heat in the 

* Regnault. 
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steam is only one of the circumstances which determines how much 
work we shall get out of it. This seems to depend upon the way 
in which the heat is contained in the steam, as well as upon the 
amount of it. 

It is probable that with unjacketed cylinders the results would 
probably have been less remarkable. To this subject reference will 
be made when speaking of the advantages of jacketing, with which 
it is very closely associated. 

We shall now go on to consider the question of the expansion 
of the steam in the cylinder, together with the important and 
closely associated question of the exhaust of the steam into the air 
or condenser, as the case may be. 

If we take an ordinary unjacketed cylinder and admit into it 
steam at 30 lbs. pressure from a boiler, the first effect will be that 
a large amount of the steam will condense upon coming in contact 
with the cold cylinder, cyHnder cover, and piston. Gradually the 
temperature will rise until we shall eventually have in the cylinder 
the fiiU boiler pressure of 30 lbs., a large amount of condensed 
water at a temperature corresponding to a pressure of 30 lbs., viz. 
274° Fahr., and the cylinder, cover, and piston wiU also be at this 
temperature. 

We will suppose in the first place that we have the whole 
cylinder full of steam at boiler pressure, that is to say, that we don't 
expand the steam at alL Now suppose the sUde valve to open the 
exhaust port, so that the steam can rush out into the open air, as in 
the case of an ordinary non-condensing engine. Of course the 
steam, being at a pressure of 30 lbs. above the atmosphere, will 
rush out violently at first, and less and less so as the pressure is 
relieved by the escape. The steam will, however, continue to go 
out until the pressure in the inside of the cylinder has fallen until 
it is equal to the pressure of the air on the outside. 

Then matters would come to rest provided there was no con- 
densed water in the cyUnder. But there is a large quantity there, 
and it is all at a temperature of 274°, and the sides and ends of the 
cylinder, cylinder cover, and piston are at this temperature also. 
The consequence is that as soon as the steam begins to escape 
through the exhaust port, and the pressure to tall^ this condensed 
water begins to boil, for it is at too high temperature to remain as 

a 2 
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a liquid at this diminislied pressure. It goes on boiling, and the 
hot cylinder with which it is in contact gives up some of its heat to 
the water and keeps it at the boil, for water at a temperature of 
274° does not contain sufficient heat to evaporate itself: counting 
from the freezing point, the water contains only 242 units of heat, 
but saturated steam at 274° contains 1166 units, if therefore all the 
water were evaporated at a pressure corresponding to 274°, 924 units 
would be abstracted from the cylinder,* but as the pressure keeps 
falling, consequently somewhat less than 924 units will be re- 
quired, and the result is that the, temperature in the cylinder, by 
the time the exhaust port closes, is considerably below the tempera- 
ture corresponding to a pressure of 30 lbs. Now we will close the 
exhaust and admit a fresh rush of steam from the boiler. The hot 
80 lbs. steam again meets with a cylinder, cylinder cover, and 
piston at a temperature considerably below its own, and therefore 
we have again a condensation of steam, and when the exhaust port 
opens we shall have precisely the same evaporatioji going on again : 
so that every time steam is admitted into the cylinder a certain 
quantity of it is condensed at once. If we had used a condenser 
this condensed steam would have increased in amount for the 
reason that when the exhaust port opened the steam would escape 
more easily, and the boiling off of the condensed steam, or, as it is 
commonly spoken of, the condensed water, would go on more 
rapidly, therefore more would evaporate, and therefore more heat 
would be carried out of the cylinder each time. 

Now precisely the same effect would be observed, but even in a 
more marked manner, if instead of using steam all through the 
stroke we had used it expansively. This cooling effect of the 
exhaust, and especially in engines working with high grades of 
expansion, is one of the seribus causes of the loss of steam, and this 
loss becomes greater as the degree of expansion increases, as com- 
pared with the losses from other causes. 

In the case where we use the steam expansively the re-evapora- 
tion of the condensed water begins as soon as the pressure begins 
to Ml owing to expansion, in fstct directly after the cut off, and 
does not wait for the exhaust port to open, as it did in the first case 
we considered. 

* For each poand of water evaporated. 
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And here we see one reason why the compound engine shonld 
tend to give ns an economical result: the steam from the high- 
pressure cylinder passes out of it into the receiver without under- 
going any great amount of expansion, thus (approximately) if the low- 
pressure cyUnder cuts off at half, and is three times the area of the 
high-pressure cylinder, the expansion into the receiver will be from 
a volume 1, to 1 • 5 at the most, and consequently the high-pressure 
cylinder is not cooled to anything like the extent to which it would 
have been if the steam had had a free rush into the condenser. 
But besides the condensed water produced by the cooled metal of the 
engine, it has been said that there is also a certain amount produced 
by a very different cause, which is the actual expansion of the 
steam. 

We shall see later on in the chapter on the expansion of gases, 
page 123, that if saturated steam be allowed to expand, doing the 
full amount of work as it expands, then partial condensation wiU 
take place. But whether the case of steam expanding in a cylinder 
.nd L », s^pp^ed „e »Jog„«.. i, ..t .Lt » ,»ly ^ved. 
The author's impression is that the cases are not so. 

Exactly the same condensation takes place when we see the 
cloud of white exhaust steam from any engine. The same holds 
good in the case of air and steam mixed, as may be proved by ob- 
serving what takes place in the bell jar of an air pump. Air con- 
tains a certain amount of steam or aqueous vapour, and after a 
stroke or two of the air-pump plunger, a white cloud is produced 
by its condensation. 

That which destroys the analogy between steam expanding as 
it ordinarily does in a cylinder, and steam expanding as in the case 
supposed above, is that there is something else in the cylinder 
besides the steam, namely, hot water, and this hot water by boiling 
off again may, I don't say does, but may, prevent the steam from 
condensing. But it must not be forgotten that even if there is an 
actual condensation in the expanding steam, such a condensation 
brought about not by any loss of heat from radiation or convection, 
but simply by the performance of work, would be an economy 
and not a loss, inasmuch as for a small quantity of condensed 
steam there would be given in exchange a large amount of sen- 
sible heat, which would go to increase the pressure of the steam 
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in a far greater extent than the pressure would fall off due to the 
condensation of a certain portion of it. 

Thus, if } of the one pound weight of steam at 45 lbs. absolute 
pressure were to be condensed, we should diminish the volume 
to ^ of what it was, and liberate i of the latent heat of steam at 
45 lbs. which is 923, we should Uberate 185 units. Now, assuming 
the specific heat of steam to be ' 5, we shall raise the temperature 

of what steam remains as a vapour ^—r^ — = about 461° Fahr., 

and our pressure will be 

459 + 275 + 461 4 _ «« ^ lu / i/vrx * 
459 + 275 X 5 X *5 = 58-6 lbs. (see p. 107).* 

SO that although we have only J of the weight we started with, we 
have kept the volume the same, and the pressure is 59 as compared 
with 45 which we had at first.t 

There is another way of looking at the fact that condensation 
produced by work done during expansion is no loss. The amount 
of heat which goes into the condenser plus the heat equivalent to 
the work done while expanding, is equal to the total heat in the 
steam when first admitted. Now, if any of the steam be condensed 
in the cylinder, then the mixture of steam and water which blows 
itself into the condenser at the end of the stroke, contains less heat 
than if it had all been steam, therefore more heat must have dis- 
appeared as work 

It would ahnost at first sight appear as if when a cylinder was 
jacketed, we were preventing an advantageous condensation, and 
merely warmed the steam to blow it when so warmed straight into 
the condenser, getting a little extra power due to the steam being 
slightly warmer. 

Jacketing is not resorted to for the purpose of warming the 
steam ; if any engineers have jacketed cylinders with that view 
the author ventures to think they have been mistaken. The jacketed 
surfjEice exposed to the steam is so small, and the time the steam 

* 275° Fahr. correspond to a tension of 45 lbs., and f is introduced on account 
of the increased volume. 

t This could not of course occur, it is merely an example showing the tendency 
of condensation. 
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is in contact with it so short, that we should have been led at 
once to suppose that only a very slight transference of heat from one 
to the other could take place. Steam, moreover, is, like all other 
gases and vapours, a very poor conductor of heat. 

But we have independent proof of the fact in the engines of 
H.M. Steamship * Briton,' which was fitted with a tubular super- 
heater between the high and the low pressure cylinders, heated by 
steam at boiler pressure direct from the boilers in the same way as 
an ordinary steam jacket. Messrs. J. and G-. Bennie, the makers 
of those engines, have kindly given me the foUowing particulars of 
the engines: diameter high-pressure cylinder, 57 inches; dia- 
meter low-pressure cylinder, 100 J inches; stroke, 2 feet 9 inches; 
revolutions, 95^ ; boiler pressure, 58 lbs. ; square feet of heating 
surfiace in the above superheater, 114 ;* cut ofl^ 21^ inches in the 
high-pressure cyUnder. From this we may easily calculate that 
6061 cubic feet of steam were passing through the superheater per 
minute, and also the number of feet of heating surface in the high 
and low pressure jackets together, and cylinder covers and ends 
which amounts to about 185 feet if both cylinders had been 

jacketed, t 

Mr. Wright, of the Admiralty, in his evidence before the Com- 
mittee on designs, said that the difference in temperature between 
the steam when it wfent into the receiver and when it came out 
was only 2^ ; and that with the steam in the jacket of the receiver 
(by which was meant the superheater spoken of above), the steam 
came out at 1° higher temperature than it went in ; without the 
steam in the jacket it came out apparently at 1^ less temperature 
than it went in. 

Now to deal firstly with the relative heating surfaces of the 
superheater, and of the combined cylinders. The superheater had 
114 square feet in it ; the two cyhnders, covers, and ends had 185 
square feet in them. The ratio is 1 to 1 • 62. 

During more than half the time the steam in the low-pressure 
jacket was not heating working steam, but was heating the 
cylinder metal, which in its turn was heating the exhausting or 
waste steam ; again the superheater was not only made of a much 

♦ I calculated this area from a sketch sent me by Mr. G. B. Bemiie. 
t The high-pressure cylinder was not jacketed. 
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better conductor, viz. brass, whicb is more than twice as good as 
iron, but the material through which the heat had to pass was 
not ^ of the thickness of the cylinder metal ; and lastly, the steam 
in contact with the superheater was very dense compared with what 
it subsequently became in the cylinders, and was, moreover, brought 
into a very much better contact with the heating smbuce flowing 
over it in a thin film, instead of merely lying against it as in the 
cylinder, so that the superheater was working at an immense 
advantage compared to the jackets. 

If, then, the superheater could only raise the temperature of the 
steam 2"^, it is hardly to be expected that the jackets, although 
presenting a Uttle more surfEtce, should be able to raise the 
temperature anything Uke as much as 2^. 

From the action of an ordinary superheater in the chimney, we 
may draw the conclusion that the heating suihce of the jacket is 
not sufficient to raise the temperature of the steam to any appre- 
ciable extent. Take a large engine with a jacket heating sur&ce 
of 520 square feet. The superheating sur&ce in the chimney was 
2260 square feet, that is, 4*3 times as much as in the jackets, and 
was of an immensly better description than that of the jackets, for, 
firstly, the steam was in motion through its tubes instead of being 
merely in contact, and, secondly, the metal of the superheater tubes 
is very thin as compared with that through Which the jacket heat 
has to get, and, thirdly, the difference of temperatures on opposite 
sides of those metals is many times greater in the superheater than 
in the jacket. 

The steam in passing through the superheater, which was a 
wrought-iron tubular one, was sometimes not superheated more than 
a few degrees above the temperature corresponding to the pressure 
in the steam pipe, and never more than 30° Fahr. If, therefore, it 

had passed through only j^ of a much inferior sur&ce, the tem- 
perature could not have been raised much. 

But again we may look at this question from another point 
of view. Mr. I. Lowthian Bell has most obligingly given me 
the following information relating to his blast heating stoves: 
Each stove contains 1700 square feet of heating surface, and, if 
the pump delivers its full displacement, heats 1617 cubic feet of 
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air per minute to 1075° Fahr. Now I have assumed the pump to 
deKver 80 per cent, of its displacement, and find that for every 
pound of air passing through the stove per minute there is an 
allowance of 16 * 2 square feet of heating surface. Mr. Sees, of the 
Etruria Furnaces, has kindly given me the particulars of a large 
pair of blowing engines supplying three blast famaces.* The 
blowing cylindls, iTin nSr, are 100 inches diameter, and 
9 feet stroke ; and I find, supposing the pumps to deliver 80 per 
cent, of their displacement, that for every pound of air passing 
through the heatLg stove per minute, ttere is an allowLce of 
18 square feet of heating sui'fsu^, and the temperature is raised 
from say 100° up to 1000°, or a rise of 900° Fahr. 

Now let us compare this with the square feet of jacketing surfece 
per pound weight of steam passing through the * Briton's ' engines, 
assuming hoth cylinders to have been jacketed. If we consider 
that 6061 cubic feet of steam at 55 lbs. pressure passed through the 
* Briton's ' engine per minute, that would amount to 1000 lbs. If, 
taking blast-furnace proportions, we had wished to superheat to the 
extent of 900°, and remembering the specific heat of steam to be, 
according to Kegnault, double (approximately) that of air, we ought 
to have had a sur&ce of 1000 x 18 x 2 = 36000 square feet. 
But we had in the jackets only 185 feet, assuming both cylinders- 
jacketed, and therefore, had the quaKty of the heating surfaces been 
the same, we might have expected a rise of temperature of 

185 
QgQQQ 900 = 4' 6° Fahr. But the heating surfiices were very fiir 

from being of the same quality, for in one case the heat was coming 
from boiler steam of a temperature of 300° Fahr., in the other the 
heat came direct from the waste products of a fire, and may have been 
anything between 1500 and 2500° Fahr. This comparison would, 
therefore, lead us to suppose that the jackets can do very Uttle in 
raising the temperature of the circulating steam. It may be here 
noticed that the amount of heat which will travel through a con- 
ductor from one side to the other is very dependent upon the 
temperatures of the two sides of the conductor ; it is proportional to 

* There were two combined engines. Revolutions per minute, 9. Equal to 
36 single strokes. Furnaces supplied, 3. Stroke, 9 feet. Diam. blast cyl., 
100 in. Heating surface per furnace, 6794 square feet. 
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the difierence between those two temperatnres. In the case of the 
jackets this difference of temperature is yery smalL at one time so 

steam, and can never amount to much more than 100^ Fahr., 
perhaps the average is much less than this. Bat in the case of the 
blast fdmace the difference was most probably never less than 
500^ and may have been 2500"^ or more. When the difference 
was greatest in the jackets it was 100^ Fahr., when greatest with 
the famace it may l^ve been 2500°. 

If the advantage of jacketing does not lie in the heating of the 
. steam, where does it lie ? We have seen that the cylinder is inevi- 
tably cooled by each operation of exhausting, and it appears to the 
author that the whole question turns on this point, is it better to 
let the working steam re-warm the cylinder, or is it better to warm 
the cylinder by jacketing ? This we shall see best by taking an 
example. We shall see it at once if we take an extreme one, 
and suppose i^^r of all our admitted steam to be condensed, and 
only tV to remain as vapour or steam. Now, if we compare the 
amount of steam by weight which is to do work by expanding with 
the total amount which is taken out of the boiler at each stroke, it 
is approximately 1 to 10 (not exactly, because of subsequent re- 
evaporation). Suppose now we had jacketed the cylinder so that 
none of the steam on going into the cylinder were condensed, the 
proportion is a much more favourable one, for we have approxi- 
mately 9 lbs. of steam condensed in the jacket, and 10 taken into 
the cylinder, total 19, of which 10 do useful work in expanding ; 
the proportion is then 1 to 1 '9 instead of 1 to 10 as in the first 
case. Such a calculation as the above does not amount to a proo^ 
but merely shows the manner in which jacketing may probably be 
beneficial. 

Suppose we take 1 lb. of steam at about 60 lbs. pressure, that 
is, at about 45 lbs. boiler pressure, and enclose it in cylinder of 
such a diameter that when the piston has just moved 12 inches, it 
will exactly hold 1 lb. of steam. If this steam were to expand, 
following Boyle's law, we should get a mean pressure of 24', 
supposing there to be an expansion of 5 times, and the work done 
is the area of the piston x 24 • x 4 feet + the area of the piston 
X 60 X 1 foot = area x 156 foot-pounds. This is approximately 
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the work we shonld get out of the steam if there were no 
condensation. We now take into consideration that there is con- 
densation, and sappose 15 per cent, by weight of the steam to be 
condensed. 

We then have left in the shape of steam t^ of the original 
quantity, but occupying the same volume. We must first see what 
its specific volume is, and then, by consulting the tables, find the 
temperature and pressure corresponding. The specific volume 
of steam at 60 lbs. tension is about 425, if ^ occupy the volume 

which one should, the specific volume becomes -—=■ x 425 = 500. 

Looking at the table we learn that a pressure of 50 * 6 lbs. and a 
temperature of 282° correspond to a specific volume 500. The 
work we should get out of this steam by expanding is the area of 
the piston x 50 * 6 x 1 foot + the area multipUed by the mean 
pressure during expansion, or 20 • 25 X 4 feet = area x 131 • 6 foot- 
pounds, and the work done without condensation was area X 156 
foot-pounds. Therefore we have done 24*4 x area, less units of 
work. 

Now, having compared the amount of work done by the two 
quantities of steam, let us compare the total quantities of heat in 
each. At a pressure of 60 lbs. a pound weight of steam contains 
1171 units of heat ; at a pressure of 50 * 6, 85 per cent, of a pound 
contains 1000 units and rinr of a pound of water at a temperature 
of 282^ contain 37 units, so that the steam and water together 
contain 1037 units. We have therefore taken out 1172 — 1037 

135 1 

units = 135 units. We have abstracted rrr=^ or ,r— r of the heat, 

1172 9-4 ' 

and lost -^^^ or ^, of the work. 
156 6i 

I just give the results of the effect of condensing ^ of steam at 
100 lbs. boiler pressure or 115 lbs. absolute, expanding 5 times. 
We shall then find we have lost 27 per cent, of the power, and 
taken away 18 * 6 per cent, of the heat. And the higher in pressure 
we go, we shall find that the ratio of the power lost compared to 
tlie heat abstracted, becomes greater. 

The value of jacketing then consists in supplying this heat 
abstracted by the exhaust, in a more economical manner than from 
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the working steam, and thereby by saving that heat which should 
do work in the steam. By jacketing we do not prevent the con- 
denser from abstracting the heat from the cylinder, but we prevent 
the cylinder from re-heating itself in a wasteful manner, and we 
prevent the temperature of the cylinder from oscillating through 
wide limits. 

There is a graphical method of considering the effect of tlus 
saving of heat. Let, in Fig. 51, the line A B G represent the 
diagram produced by the uncooled weight of steam expanding from 
an initial pressure of 60 lbs., and let the line E F H represent that 
produced by the cooled steam expanding from an initial pressure 
of 54 lbs. after a condensation of -jV- If by our jacketing we 
prevent the steam from condensing, we shall get the power due to 
the line A B G, that is, we shall gain power represented by the 
area of the figure A B G H E F, having merely put in an amount 
of heat represented by the figure A B F E. 



Fig. 51. 




I am inclined to beUeve partly from the above consideratioiiB 
that economy would result from jacketing in a cylinder which did 
not work expansively, but that the more expansively the steam is 
used, the greater would be the economy in the use of the jacket. 

In the previous considerations we have made an assumption 
that the steam follows Boyle's law in expanding, but this probably 
does not lead us into any great error, for we applied the same law 
to both cases. And again, we have assumed what never is the fact, 
viz. that one set of actions take place and finish before anothei set 
begin, whereas they are both going on together. 



Thus tha steam, as in Fig. 52, does not lose all its heat between 
A and B before the expansion begins, bnt only loses a part there, 
and the rest as the piston allows the steam to come into iresh contacts 



with the cylinder by moving on, so that really all that has been 
said amounts to this, if steam and steam jackets acted in the 
manner aasamed, the results wonld be something near what ia 
indicated by the diagram: but each engineer most nse his own 
knowledge in determining to what extent snch a course of analogons 
reasoning is applicable to the steam engine as it is. 

If we are prepared to admit that this cooling effect of the 
^linder is the chief or a source of loss in the cylinder, we see at 
once why a high piston speed most tend to produce an economy. 
If the piston speed is made greater, we certainly make the Motion 
required to turn the engine greater, and so we have a loss at once, 
but at the same time a more than compensating advantage in 
diminished cooUng snr&ces, from which evaporation can take plaee 
into the condenser. If D is the diameter of a cylioder and S the 
stroke, these snr&cea are approximately 2 x D^ x " 785 for the 
cover and piston, and 3 ■ 14 x D X S for the sides of the cylinder. 
There is no necessity to make a general formula of it ; suppose we 
take a 20-inch cylinder and 20-inch stroke, then the total coding 
surface ia 13 - 1 square feet, found as above. Bnt if we double the 
piston speed, that is, keep the stroke the same and diminish the 
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cylinder diameter (so as to keep the same indicated horse-power), 

20 
our cylinder diameter becomes --^ = 14 • 15 inches ; our cooling 

surfEice becomes 8*3 square feet. And these two amounts of 
cooling surface remain open to the condenser for the' same length 
of time. 

It is probable that the bad effect of this cooling is not directly 
proportional to the amount of cooling surface exposed to the con- 
denser, because, after all, it is the amount of water evaporated off 
which determines the amount of cooling ; still it is no doubt very 
closely connected with it, as increased snrfece offers increased 
facilities for this water evaporating. 

In every engine the temperature of the cylinder must vary 
between two limits, but it is impossible to say what these limits 
are, and indeed they are most probably different, at different paris 
of the cylinder. At the two ends the cylinder is heated up to the 
steam temperature, and then cooled by evaporating into the con- 
denser ; in the middle it is never heated quite so much and remains 
slightly longer open to the condenser. However, at all parts 
of the cylinder there is this ultimate heating and cooling going on; 
what we shall call an oscillation of the cylinder, metal, piston, &c., 
between two temperatures takes place. 

The action of a jacket is to simply diminish this difference of 
temperature. It is quite certain that the jacket never entirely 
annihilates this difference, but still its tendency is in the direction 
of doing so. The more effective it is, the less the cylinder falls 
below the temperature of the incoming steam, and consequently 
the less of the working steam is necessary to warm the cylinder. 
The amount of working steam lost by cooling and the amount 
of this oscillation between the two extreme temperatures are very 
closely connected. 

But if this cooling effect due to this oscillation of temperature 
through wide limits is the chief source of loss in a cylinder, we 
may see a reason closely connected with the one referred to 
above why a compound engine should work more economically 
than a simple expansive one, and why a high-pressure very ex- 
pansive engine is not one from which as much economy could be 
had aa might be expected &om the high-pressure and expansion. 
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If we consider the case of two simple engines working with 
30 lbs. and 60 lbs. of steam, the temperatures of the steam are 
274° and 307° Fahr., a diflference of 33° ; and the lower hmit will 
be dependent on the yacnnm, and will, if exhaust takes place when 
the steam is at the same tension, be much more nearly the same 
than the higher limits. In the case of the high-pressure steam 
working expansively, we are expanding the steam in a cylinder 
oscillating through wider limits of temperature than the low- 
pressure steam. Then, in reference to compounds, I may quote 
Mr. Wright's evidence.* 

"When asked his opinion as to the cause of the economy which 
was said to be obtained in the compound engine, Mr. Wright said : 

'' The only cause that I can see is that the variation of the 
temperature in the cylinders is much less in working the steam in 
two cylinders than it is in one ; *' and again, " You would have 
a much greater difference between the condensation temperature 
and the maximum steam temperature with a single engine than 
with a compound engine." 

I have taken a large number of compound engines, and I find 
that on their trials the average indicated horse-power in the high- 
pressure cylinder amounted to 394, and in the low-pressure 
cylinder to 459, making a total indicated horse-power of 853, 
which numbers are in the proportion of 463, 537, and 1000. So 
we see that on an average in those compound engines actually 
46 per cent of the power is exerted without the steam ever being 
brought into contact with the condenser ; the limits of temperature 
through which it works being the temperatures corresponding to the 
initial steam pressure and the pressure in the rjeceiver. The average 
initial tension of the steam 68 * 6 lbs. corresponding to a tempera- 
ture of 301° Fahr., and the average lowest pressure, as shown on 
the exhaust line of the high-pressure cylinder card, was 18 lbs., 
corresponding to a temperature of 222°. So that we were getting 
in these engines 46 per cent, of the whole power, where the steam 
only ranged through a limit of 79° Fahr. 

It is quite impossible to say what the limits of the temperature 
are through which the different parts of the cylinder itself oscil- 
late. In want of such information, the only thing we can do is 

* Report of the Committee on Designs, p. 179. 
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to consider what the limits of the temperatnre of the steam are, 
and this most be our guide for the temperature limits of the 
cylinder, which are in both cases determined by the steam, for 
the higher limit is close to the steam temperature. 

If we assume for the engines considered above an average 
vacuum as shown by the low-pressure card of 26 inches = or 
nearly 12*75 lbs., we have a tension of vapour corresponding to 
14-75- 12-75 = 2 lbs. (if the barometer stood at 14-75), 
which has a corresponding temperature of 126° Pahr. So we 
have 54 per cent, of the work done by a compound engine, 
between the limits of temperature of 222° and 126°, an oscillation 
of 96° Fahr. An engine, with boiler pressure of 60 lbs., and one 
with pressure of 30 lbs. exhausting down to a 26-inch vacuum in 
the cylinders, give out their whole power between limits respec- 
tively of 307° and 126°, a difference of 181°, and 274° and 126°, a 
difference of 148° Fahr. 

I cannot do better than quote the late Professor Bankine's 
views on this question.* He says : 

'^ One of the earUest consequences deduced from the principles 
of thermodynamics was, that when steam performs work by expan- 
sion, a quantity of heat disappears, sufficient not only to lower the 
temperature of the steam to that corresponding to its lowered pres- 
sure, but to cause a certain portion of the steam to pass into the 
liquid state. The steam thus spontaneously liquefied collects in 
the form of water in the cylinder ; and if the cylinder and piston 
were made of a non-conducting material, the water would simply 
be discharged from time to time into the condenser without causing 
any waste of heat. But the cylinder and piston being made of a 
conducting material, give out heat to the liquid water which 
adheres to them, so as to re-evaporate it when the communication 
with the condenser is opened ; and that heat is carried off to the 
condenser with the exhaust steam, leaving the piston and the in- 
side of the cylinder at a low temperature, even though the outside 
of the cylinder should be clothed with an absolute non-conductor. 
When steam from the boiler is admitted at the beginning of the 
next stroke, part of it is immediately liquefied through the expendi- 
ture of its heat in raising the piston and the inside of the cylinder 

* Report of the Committee on Designs, p. 322. 
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again to a high temperatnre ; the result being that at the end of 
the second stroke the quantity of liquid water which is re-evaporated 
and carries off heat to the condenser is greater than it was at the 
end of the first stroke. At each successive stroke that quantity 
augments, until it reaches a fixed amount, depending mainly on 
the difference of the temperature of the steam at the beginning and 
end of the expansion ; and the effect is the same aa if a certain 
quantity of steam at each stroke passed directly from the boiler to 
L condenser mtiiout perfonni^ work In some ezperimente 
lately made the quantity of steam which thus ran to waste was 
found to be greater than that which performed work, so that the 
expenditure of steam was more than doubled. 

''The remedy for this cause of loss is to prevent that spon- 
taneous lique&ction of the steam during its expansiTe working, in 
which the process just destaribed origmates ; and that is done either 
by enclosing the cylinder in a jacket or casing suppUed with hot 
steam from the boiler, or by superheating the steam before its 
admission into the cylinder, or by both these means combined. The 
steam is thus kept in a nearly dry state, so as to be a bad conductor 
of heat ; and the moisture which it contains, though sufficient to 
lubricate the piston, is not allowed to increase to such an extent as 
to carry away any appreciable quantity of heat from the metal of 
the cylinder and piston to the condenser." 

The last paragraph, beginning with "The remedy for this 
cause," attributes the usefulness of the jacket to an action which 
the author has endeavoured to show does not take place to any 
appreciable extent, namely, the heating of the steam. The fine 
mist which would be formed during the expansive working of dry 
saturated steam would in all probabiHty not settle on the metal at 
all, or certainly to a slight extent only ; and it would be blown 
straight into the condenser when the exhaust port opened, and 
would consequently produce but a sUght degree of cooling at the 
most. But the autiior has endeavoured to show that, after a 
certain amount of condensed water has once been formed, the 
probability is that no mist is formed during the expansion, owing 
to the re-evaporation of the already condensed water. The action 
which brings about the loss of steam in an expansive engine would 
be felt, but not to the same degree, even if no working expansion 

H 
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ever took place in the cylinder. This action is the re-evspoiation 
of water while the exhaust port is opened ; and the good of the 
jacket (in the author's opinion) is to provide the heat necessary for 
such evaporation in an economical manner. It would be a great 
saving to carry the condensed water mechanically &om the cylinder 
to the condenser, but the difficulty is that the cylinder wiU re- 
evaporate it. 

Although the quantity of conden0ed water, if the whole 
cylinder, &c., were at the temperature of the boiler, would, as 
Professor Bankine states, be first formed out of the expanding 
steam, nevertheless, after it has been formed, the expansion, while 
doing work on the piston, so far from being the cause of a fresh 
amount of liquefaction, is the cause of the re-evaporation of part of 
the water already liquefied. And the source from which fresh 
supplies of condensed water are obtained is the newly entering boiler 
steam, which is directly condensed on the sides of the cooled 
cylinder. 

Eetuming to the subject of the limits of temperature between 
which the power is developed, in the trials of the compound 
engine the ' Bush,' jacketed cylinders, 24 and 38 inches diameter, 
the amount of water evaporated, accounted for by the high-pressure 

indicator card, was '9323; therefore only '068, or jTr-r? of the 

J y 14-7 

whole water evaporated by the boiler was condensed in this high- 
pressure cylinder and the two jackets. The card firom the low- 
pressure cylinder accounted for only '7355 of all the water 
evaporated, but only '9323 of the steam went into it as steam, so 
that the low-pressure cylinder card accounted for about H, or '79 
of the steam going into it, while the high-pressure cylinder 
accounted for '9323. 

It has been frequently said that the expansion which takes 
place in the receiver of a compound engine is the cause of loss. 

Whether there is any loss from such an intermediate expansion 
in engines made of the materials now used, is, I think, doubtful. 
But if the cylinders could be made out of an absolutely non-con- 
ducting material, it is certain that with the same cylinder capacity 
more power would be developed without an intermediate expansion 
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than woxQd be developed with such intermediate expansion, nsing 
the same weight of steam in both cases. 

In treating this question of intermediate expansion, in the very 
first place it is desirable that the term expansion should be properly 
understood. 

There may be quite different sorts of expansion in the case of 
a gas : the gas may expand, doing all the work it is capable of 
through that expansion, as it does in the case of an ordinary 
cylinder, or it may expand, doing literally no work at all, as in Dr- 
Joule's experiment (see p. 119), where the gas was allowed to expand 
into a vacuum, and with no change of temperature as the result. 

There is, again, a whole series of intermediate expansions be- 
tween these two limits, viz. doing all the work it can, and doing 
none. Let us call the vessel containing the compressed gas A, and 
the other one B. Suppose that there was not a perfect vacuum in B, 
but that there was some gas left; in it ; when the communication is 
opened the highly compressed gas in A wiU expand and compress 
that in B until the tension of the gas m both vessels is equal If a 
thin piston had been placed between them, the compressed gas 
would have pushed this piston back until the pressure on each side 
of the piston should have become equal. By expansion, then, we 
should understand an increase of volume simply ; and if any work 
has been done during the expansion, this may be mentioned as a 
separate &ct. 

Now what constitutes the measure of the work done by the 
compressed gas while expanding, when a small quantity of gas has 
been left in the other vessel ? The work done is clearly the work 
required to compress that which was in the other vessel B. The 
work done by the gas in vessel A while expanding has nothing to 
do with what I may call the indicator card of the gas in A while 
expanding. If the vacuum in B had been almost perfect, the gas 
in A might double its volume and do almost no work at all. The 
true measure is the diagram produced by the compressed gas in B. 
So we see that the work done by a gas in expanding is not 
necessarily in all cases measured correctly by the indicator diagram 
taken during the expansion. 

Now in the case of a compound engine the words expansion in 

h2 
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the receiver are frequently used, but so &r as I am aware it is not 
distinctly Bteted Xt sort of ex^^nsion is meant, whether expansion 
doing all the work the steam is capable of, or only a part of it. 

For the sake of simplicity we shall firstly suppose that the 
contents of the receiver are very large as compared with those of 
the cylinders, so that the high-pressure cylinder exhaust steam 
rushing in aLd out does not alter ihe prLure in the receiyer 
appreciably. 

At the moment when the high pressure cylinder exhausts into 
the receiyer, the steam rushing out of thS cylinder finds the 
receiyer already fidl of steam at a less pressure than itsel£ (At 
this time the steam port of the low-pressure cyhnder is, of course, 
dosed.) The steam from the high-pressure cyhnder now doe^ 
work L compressing that which I Lady in the receiyer, and 
from what has been said it will be obvious that the foot-pounds of 
work expended by the high-pressure exhaust steam in compressing 
the receiver steam must be exactly equal to the foot-pounds of 
work received by the receiver steam when so compressed. To give 
an illustration : Suppose that the high-pressure exhaust steam were 
to force back a spring instead of the receiver steam. If the spring 
were now allowed to expand it would give out exactly the same 
number of foot-pounds as were put into it to compress it, or, in 
other words, the power lost by the steam has been simply trans- 
ferred to the spring. 

This fixed quantity of steam in the receiver might be called 
stationary steam (that is to say, the same weight of steam similar 
in every way), for it always remains in the receiver as long as the 
working of the engine is not altered, and acts precisely aa a spring 
would do, being alternately compressed and relaxed. And inas- 
much as the power necessary to compress this steam is each time 
given out again when it expands, this stationary steam can be pro- 
ductive of no loss. The steam and water passing through the 
engine from the boiler to the condenser at each revolution might 
in contradistinction to the stationary steam be called the circulating 
steam. 

Of course the high-pressure exhaust steam and the stationary 
receiver steam mix, but no power whatever is lost by mixing these 
steams, for although they have done work on each other, none has 
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been done externally to the receiyer. All that has been done is to 
rearrange for a short time the manner in which the heat is dis- 
tributed, taking some from one portion of the steam and giving it 
to the other. 

Now suppose the low-pressure cylinder to take steam : at the 
instant of cut off by the low-pressure slide it will have taken just 
the same weight of steam and water as left the high-pressure 
cylinder, and will haye left) the stationary steam in the receiver just 
as it was before it was compressed by the high-pressure exhaust 
steam. And not only will the low-pressure cylinder at the instant 
of cut off contain the same weight of steam and water as exhausted 
out of the high-pressure cylinder, but this steam and water will, 
when the work done on the low-pressure piston up to the point of 
cut off is added, contain the same amount of heat as they did when 
they exhausted from the high-pressure cylinder. 

Whatever heat has been lost by the circulating steam up to this 
point has disappeared in the form of work, and from this point up 
to the moment when the exhaust begins (supposing there to be no 
condensation on the sides) whatever further heat disappears will 
also disappear as work, so that there has been no loss in the sense 
of loss of heat without the corresponding gain in work done. If we 
have not got as much power out of the steam so expanded as out of 
steam expanded in a single cylinder, it is because the useful ex- 
pansion has not been pushed to the same extent. 

To find the ratio of the volumes of the steam when the exhaust 
begins in the low-pressure cylinder to that when the cut off 
takes place in the high-pressure cylinder, and to call that the 
ratio of expansion, is in a compound engine wrong, if the term 
expansion has the same meaning which is usually assigned to it 
in speaking of single-cylinder engines, for we have seen that part 
of the expansion takes place when the steam does not do its full 
work. The true measure of expansion is the ratio of expansion in 
the high-pressure cylinder multiplied by the ratio of expansion in 
the low-pressure cylinder, but any calculation of the power of an 
engine founded on this ratio will not be quite correct, because, 
while passing from the high-pressure cylinder into the receiver, the 
steam tends to slightly superheat itself. 
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CHAPTEE V. 

GASES AND VAPOURS. 

I PBOPOSE in the following pages to examine in an elementary 
manner some subjects relating to gases and vapours which are of 
interest to engineers. 

The difference between a gas and a vapour is this ; a vapour is 
a gas near its liquefying point, so that the difference is not one of 
composition, but of condition. Steam is a vapour, but the atmo- 
sphere is a mixture of gases, for it is impossible by any means now 
known either to compress the gases which form the air until they 
become liquid, or to cool them until they become liquid, nor can 
they be hquefied by both pressure and cold combined. Steam 
would very soon become liquid under either influence. Ammonia 
' and carbonic acid are gases considerably removed from their points 
of lique&ction, but nevertheless they can be liquefied by' pressure 
and the abstraction of heat ; and when they have been made to 
approach these points they would be termed vapours. 

It is necessary to note this difference between gases and 
vapours, because they behave differently under certain circum- 
stances, as will be seen later on. 

And firstly, we will endeavour to learn the relationship which 
exists between the pressure and the volume of a gas. 

It was discovered by an Englishman named Boyle, and also by 
an Italian experimenter, Mariotte, that if a gas be taken (not 
steam, for reasons we shall see presently) and enclosed in any 
vessel fitted like a cylinder with a piston, where its pressure and 
volume could be accurately observed, that if the piston were forced 
in on the gas until the volume of the gas was only one-half what 
it was when the experiment began, the pressure gauge would show 
that the pressure was now double what it was to begin with ; and 
again, that if the piston was forced still &rther in until the volume 
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was only one-third of what it originally was, the pressure gauge 
would now show three times the original pressure : and the same 
relationship exists when the piston was pulled out instead of being 
forced in ; that is to say, when the volume was made twice as great, 
the pressure was only half as much, and when it was three times as 
great the pressure was only one-third. The temperature of all the 
apparatus and the gases had to be kept the same throughout. 
Boyle therefore concluded that the pressure and the Tolume varied 
inversely. 

If the pressure^ and the volume vary inversely, for example^ if 
when you double the one you halve the other, it is clear that the 
two multiplied together must always be equal to a constant, L e. un- 
changing [quantity ; and accordingly Boyle and Mariotte's law is 
usually expressed hj p x v = e where p is the pressure, v the 
volume,^and ojthe constant quantity. 

e is known, and whatever change you make in either p ot v 
will produce a change in the other, viz. v or p, which may be found 
from the above equation. Suppose the volume to be 10 cubic feet 
and the pressure 60 lbs., the |> x v = 10 x 60 = 600 = e . Now 

let p become 33 lbs., then v = -^ = 18 -2 cubic feet. 

This is a law which holds good with all gases under the follow- 
ing conditions, that they shall be taken at such a temperature and 
a pressure, that either or both together may be varied through wide 
limits without the gas approaching that point where it begins to 
condense into a liquid, and that the temperature of the gas shall 
be kept the same throughout the experiments. If we take a 
gas, for example, like carbonic acid, when we work with atmo- 
spheric pressures and temperatures we may make wide variations 
either way with both pressure and temperature, and never come 
near the Hquefying point. But when we come to consider steam, 
we shall find that although in practice it does so happen 
that when it expands the pressure follows the above law, we 
shall at the same time find that the temperature varies very 
much. If we were to put steam through the same experiments, 
and keep the temperature the same all through them, we should 
find its behaviour quite different. We are in &ct much too near 
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its point of liquefying. Suppose we take 2 cubic feet of steam at 
the temperature of 212° Fahr., that is, of boiling water, and have 
an internal pressure of 15 lbs. on the square inch, that is, just 
sufficient to balance the atmosphere, and then forcibly compress 
it until the yolume was reduced to 1 cubic foot, we should find 
that by the time the temperature had &Jlen to 212° again we 
should only have the same pressure we had to start with, no more 
and no less, but a quantity of the steam would have turned 
to water ; but if we had experimented on atmospheric air at these 
temperatures and pressures, we should^ have found double the 
pressure when the yolume was reduced to 1 cubic foot. 

This law of the pressure varying inversely 88 the volume doeB 
not apply to steam as we see in the same way as to gases &Lr above 
their liquefying points ; but nevertheless when steam does expand 
the pressure does vary approximately inversely as the volume, but, 
as mentioned before, the temperature varies also, and not only the 
temperature varies, but when steam expands, aa in an unjacketed 
cylinder, some of it condenses also; so that steam when expanding 
departs from the law o{ pv = e in, two marked manners. If we 
prevented the temperature from altenng and prevented any of the 
steam from condensing, we should find that the pressure would no 
longer be represented even approximately by the formula pv = e. 

We now come to another point of importance connected with 
gases, which is the effect produced in them by changes of tempera- 
ture. Experimentally it has been determined that all gases expand 
to very nearly the same extent when they are raised in temperature 
through the same number of degrees, all other circumstances being 
the same. If a cubic foot of oxygen, nitrogen, hydrogen, or air are 
taken at a temperature of the freezing point, or 32° Fahr., and 

heated to 33° Fahr., their volume will increase' .^. ^ of a cubic 

"491-2 

foot If the temperature had been raised 5°, viz. to 37° Fahr., 

their volumes would have increased i4t9 &i^d if the temperature 

had been raised 100° the volume would have increased i^ cubic 

foot, and therefore at a temperature of 132° Fahr. the yolume 

would have become 1 cubic foot + ^, or Iff cubic foot. 

If we call t the number of degrees of temperature above the 

freezing point, and Y32 the volume at 32° Fahr., then the yolume^ 
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wliich we mQ call Vt, at any new temperature which is, we will say, 
T degrees above 32° Fahr., will be 

V.. + ^V.., or V«{i + Ji} = VT. 

From this equation we can easily determine what the yolome 
of the gas must be at 32° when we know what it is at any other 
temperature, by merely transposing the £a,ctors of the equation, thus 

therefore 

Vt 

remembering always that T stands for the number of degrees 
Fahrenheit above the freezing point. 

Again, suppose you have a gas at a temperature T above the 

any other temperature Ti.* we see that this question may be 
answered by firstly finding what the volume would be at 32° 
Fahr., and then, secondly, finding the volume required, but this 
trouble is unnecessary. 
For kkmgT^uation 

^"(i + ^) = ^- 
and a precisely similar one for Ti, viz. 

and dividing one by the other, we get 

T 
1 + --- 

^ 491 _ Vt 

1+T,-Vt/ 
^491 

The leflrhand side of the equation is easily simplified thus : 

491 + T 

491 Vt 491 + T Vt 






491 + Tt Vt,' " ■491 + T, Vt, 
491 

wh^e T and Ti are the number of degrees Fahrenheit above the 
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freezing point ; but 491 + the number of degrees above the 

freezing point amount to just the asme thing as 459 + the number 

of degrees as read on Fahrenheit's thermometer. If, for instance, 

the temperature of the gas was 50°, it would be 18° above freezing 

pointy and 459 + 50 are just the same as 491 + 18 : and our 

formula may be further simplified by writing the degrees as read 

on the thermometer + 459 instead of writing it the other way. 

Then we get 

459 + ti _ Vj 
459 + *, "V,' 

From this formula we may directly find the volume of the gas 
at any one temperature when we know the volume at any other. 

It is not strictly accurate to say that the expansion is ^^ of the 
voluma Begnault, who made many most careful experiments on 
the subject, found that for 1° Centigrade for air at atmospheric 
pressure the expansion was * 003665. This for a degree Fahrenheit 

is equal to -002036, or ^ ; but the number ^ is most fre- 

quently used, and is amply near enough. The expansion of air 
itself was found by him to be difierent at different pressures. 
Thus under a pressure of one atmosphere (or 760 mm.) the 
coefficient of dilatation through a range of temperature between 
32° Fahr. and 212° was found to be • 002039, whUe it increased 
gradually as the pressure increased, until, when under a pressure of 
79 atmospheres (60,000 mm.), it became • 002507. 

Nor are the coefficients of expansion of all gases the same, but 
for those like hydrogen, oxygen, nitrogen, they are nearly so. 
When we come to consider carbonic acid the coefficient differs 
notably; thus comparing carbonic acid and air under 1 atmo- 
sphere, that of air is • 002039, and carbonic acid • 002061 ; while 
under 3^ atmospheres that of air becomes * 002053, and that of 
carbonic acid • 002136. 

We have seen the effect produced by a simple change of pres- 
sure upon a gas, and also the effect produced by a simple change 
of temperature. We must now see what the effect is when both 
the temperature and pressure are changed. 

459 4- 1 
Taking the equation given above, Vi = V2 .,q / , we 
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will suppose that we know V2 and Aj and wish to find Vi. If the 
pressure at Vi is double what it was at V2, the volume would be 
half. If the pressure at volume Yi had been f of the pressure at 
the volume Va, the volume would have been |, and therefore if we 
put Pi and Pa for the pressures, the volume Vi becomes 

P, 459 + 1, 

^1 and ^a being counted as before from zero Fahr., not from the 
freezing point. 

This formula enables us to tell, from the volume, temperature, 
and pressure of a gas, what the volume will be at any other tem- 
perature and pressure. 

Before going on with the subject it may be as well to note 
what has been termed the absolute zero of temperature. 

We have seen that for every degree of temperature which a gas 
is raised, starting from the freezing point, its volume is increased 
^^. And it is equally true that for every degree of temperature 
which a gas is lowered, so &.r as we can experiment upon them, its 
volume is diminished approximately ^^ ; so that if gases followed 
this law perfectly to the extreme limit, it is clear that when the 
temperature had been lowered 491°, or to — 459° Fahr., its volume 
would be diminished |f| of its volume at 32° Fahr. This tem- 
perature of — 459° has been called the absolute zero of tempera- 
ture, a temperature at which there is no heat left. 

This suggestion, first made I believe by Professor Eankine, is 
of no value, either theoretical or practical ; for, as we have already 
seen, the coefficients of dilatation are not only slightly different for 
all gases, but very considerably different in some cases, and, more- 
over, for the same gas it differs under both different pressures and 
at different temperatures. So that this absolute zero is not only a 
shifting point for one and the same gas, but differs with different 
ones. The gases would also become solid before such a tempera- 
ture were reached. 

We may now go on to examine another matter, viz. the specific 
heat of gases. 

By the specific heat of a gas is meant the amount of heat which 
must be put into it to alter its temperature a degree as compared 
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with the amonnt which must be pnt into the same weight of water. 
Bat in some cases a gas is fixed on as the standard of comparison 
for all other gases. The specific heat is therefore a ratio, not an 
absolute quantity. For instance, if it took three times the amotuit, 
the specific heat would be 3. 

Instead of observing the amonnt of heat necessary to alter the 
temperature of the same weight of two gases which are allowed to 
expand due to the rise of temperature, we may observe the quantity 
necessary to alter the temperature of the same weight when the 
volume is not allowed to change. We shall see presently a re- 
markable relationship existing Slween ttie specific heata mider 
these two conditions. 

On page 109 in the second column a row of figures is given 
opposite the names of various gases and vapours, which shows how 
much heat would be necessary to raise a unit weight, say 1 lb., of 
each of the gases mentioned, through 1° Fahr. compared with the 
amount of heat, which is called 1, which would be necessary to 
raise the same weight of water 1° Fahr. 

Sunning the eye down this column, it will be noticed at once 
that where a very light gas is taken, such as H, which for equal 
volumes is only about ^ of the weight of air, the amount of heat 
required is very large, and tiiat when a very heavy gas like 
chlorine, which is 2J times as heavy as air, is taken, then very 
littie heat is required. 

From an experimental determination of the specific heats of 
equal weights of gases and vapours, we may see that the specific 
heat, multiplied by the specific weight, is in many cases nearly the 
same quantity. This law is more scientifically stated as the specific 
heat multiplied by the atomic weight equals a constant quantity, 
but for our purpose tiie first expression is perhaps clearer. The 
specific weight is proportional to tiie atomic weight. 

This law is by no means a strictly accurate one, as the following 
figures in the first column show : * 

It will be noticed that the figures in column 1 are not the 
product of the figures in column 2, multiplied by those in colmnn 
3, but they are proportional to such products. For instance, the 
atomic weight of nitrogen is 14, and the specific heat from column 

* Tyndall, * Heat as a Mode of Motion,' except for ether and aloohol. 
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2is0'244: these mnltiplied together give 3 '41 6 instead of 0*237. 
But if 3-416 be divided by 14-4 we get the nnmber 0*237 as 
given in column 1 ; and all the fignres in column 1 are found in 
this way. 'Sina number 14*4 is the density of air compared with 
hydrogen, and has been used in order to keep the figures *237 
opposite air the same in both columns 1 and 2. 





1. 


2. 


8. 




Specific Heat 

of 

Equal Volames. 


Specific Heat 

of 

Equal Weights. 


Atomic Weights. 


Water 

Air 

Oxygen 

Nitrogen 

Hydrogen 

Chlorine 

Bromine 

Nitric acid 

Carbonic oxide 

Hydrochloric acid 

Carbonic acid 

Nitrous oxide 

Aqueous vapour 

Sulphurous acid 

Sulphide of hydrogen .. 
Bisulphide of carbon 

Ether vapour 

Alcohol 


•237 
•240 
•237 
•236 
•296 
•304 
•241 
•237 
•235 
•331 
•345 
•299 
•341 
•286 
•412 

• • 

• • 


1 

0-237 

0-218 

0-244 

3-409 

0-121 

0-055 

0-232 

0-245 

0-185 

0-217 

0-226 

0-480 

0-154 

0-243 

0157 

0-479 

0-453 


16 

14 

1 

9 



We said that the specific heat^ or the heat necessary to raise 
the same weights V Fahr. multiplied by the specific gravity, was a 
constant quantity. Eetuming to the example of hydrogen and 
oxygen, if the same weights are taken, the oxygen will only 
require ^ of the heat required by the hydrogen to raise 1° Fahr., 
but being sixteen times as heavy, it only occupies A of the volume 
of the hydrogen; so that if the same volume had been taken instead 
of the same weight, the same amount of heat would have been 
required in both cases : that is to say, generally that if the state- 
ment that the specific heat multiplied by the specific gravity were 
a true one, then it would be true that equal volumes of gases 
would require equal amounts of heat to alter their temperature to 
the same extent. 

Chemists have determined the relative weights of the atoms of 
various gases, and have termed these weights the atomic weights. 
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They are, as stated before, proportional to the specific gravities o 
the gases, and the above relationship is usually expressed by saying 
the atomic weight multiplied by the specific heat is a constant. 

Begnault in his work says : '' The law which says the specific 
heats of simple gases referred to the same volume are identical, is 
an ideal law which might apply to gases following the laws of 
compression and dilatation^ but which is not verified on gases con- 
stituted as they are in the circumstances where we are obliged to 
study them." 

Begnault showed also that the specific heat of air varied slightly 
at difierent temperatures, thus between — 22"* Fahr. and + 50° 
Fahr. the specific heat averaged '23771, between 32° Fahr. and 
212° Fahr. it averaged -23741. 

But in the case of carbonic acid Begnault found a very con- 
siderable difference. At the fireezing point he found it was • 1870, 
at 212° it became -2145, and at 392° Fahr. it was •2396. And 
the mean specific heat between 50° Fahr. and 410° Fahr. he found 
to be -21692. 

But when we speak of the amount of heat necessary to alter 
the temperature 1°, we must be carefal to note all the circum- 
stances under which this alteration takes place ; for we have seen 
that any alteration in the temperature of a gas or vapour brings 
about an alteration in its volume, if the pressure remains the same, 
and we must see what effect an alteration of volume may have on 
the amount of heat required to produce any given alteration of 
temperature. The consideration of this question leads ns to the 
beautiful train of reasoning by which Mayer determined the me- 
chanical equivalent of heat. 

Suppose you take a pound weight of air and heat it through 
100° Fahr., allowing it to expand and raise the atmosphere. The 
whole amount of heat is about a quarter of what would have been 
required to raise 1 lb. of water through 100° Fahr., or more 
accurately speaking, referring to the Tables of specific heats, it is 
•2375 of 100 units, or 23*75 units. 

But if, instead of allowing the air to expand as it was heated, 
we had enclosed it in a vessel of fixed cubical contents, and 
then heated it, we should have found that instead of requiring 
23 - 75 units of heat to raise it 100° Fahr., we should have required 
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a considerably smaller qnantity. We should in fact have required 
only 16*73 ; the heat required when the volume is constant is to 
the heat required when the pressure is constant as 1 to 1 * 421. 

How does it happen that it takes so much more heat to raise 
the temperature of the air when it is expanding ? The reason is 
that in expanding it is raising the air, and therefore doing an 
amount of work which it could not do if it were not heated. When 
doing work it required 23*75 units, when not doing work 16*73, 
the difference is 7 * 02 units. Mayer calculated the work done, and 
said the amount so done was equivalent to these 7 * 02 units. Let 
us follow his calculation : 1 lb. of air occupies a volume of 12 • 39 
cubic feet at the freezing point. Our formula tells us that if it be 
heated from 32° Fahr. to 132° Fahr., the volume will become 
459 -L 132 
4^Q , qo X 12-39 = 14-92. The air has therefore increased 

in volume from 12 • 39 to 14 * 92 cubic feet, or by 2 • 53 cubic feet. 
We may consider it to have pushed a piston of 1 square foot area 
through a distance of 2 - 53 feet, and that the atmospheric pressure 
was 14 • 9 lbs. on each square inch. The foot-pounds of work done 
are consequently the area of the piston, 144 square inches, multi- 
plied by the pressure, or 14 * 9 lbs. multiplied by the height, or 2 * 53 
feet. This amounts to 5356. The heat required to do this work 
we found to be 7 - 02 units, and therefore Mayer said 1 unit was 
equal to 773*3 foot-pounds. 

Dr. TyndaD, in his work on heat, which all engineers should 
have, gives a most interesting statement of the dates when Mayer 
and Joule made known their discoveries. He says that Dr. Mayer 
was a physician in Heilbronn, Germany, and that he first followed 
this method of calculation in 1842. Mayer in his first paper did 
not give the details of the calculation, but merely indicated tiie way 
he had followed in making it. The actual figure for the equi- 
valent, according to Mayer's calculation, is 771 -4. 

In 1843 Mr. Joule, from experiments he had made, found the 
mechanical equivalent to 896, 1001, 1040, 910, 1026, 587, 742 
and 860 lbs. ; he continued his investigation, and in 1849, after 
seven years' arduous experimenting, he fixed the equivalence at 
772. 

Such a near approach to identity as Joule's 772 and Mayer's 
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771 '4y the conclnsions haying been arrived at in sach entirely 
different manners, is wonderfdL 

Jonles last experiments in 1849 gave the following results: 

772 * 692 from friction of water. Mean of 40 experiments. 
774*083 „ „ mercury „ 50 „ 

774-987 „ „ cast iron „ 20 „ 

He, however, considered 772 to be the correct figures. 

I will now go on to speak of what is termed the latent heat of 
steam. When water passes from the liquid to the gaseous state a 
very large amount of heat has to be put into it after boiUng has 
begun, although the temperature is not altered by this additional 
quantity. If you begin with a pound of ice-cold water, and gra- 
dually heat it up to the boiling point, you will, just when the 
water begins to boil, have put into it 212 — 32, or 180 units of heat, 
and the temperature &om the moment when the heat was first 
apphed wQl have continued to rise gradually up to the boiling 
point : but as soon as boiling begins the temperature ceases to rise, 
although the water continues to absorb heat, and this heat, which 
the water continues to absorb until it is all evaporated, is termed 
the latent heat of steam. It would be found necessary to put in 
966 * 6 units after the water had begun to boil in order to turn it 
all into steam. So that, starting from the freezing point, and 
heating the pound of water until it was entirely evaporated at the 
temperature of water boiling in the air, 180 + 966*6, or 1146*6 
units of heat would have been absorbed by the water. This quan- 
tity, viz. the amount of heat necessary to turn a unit weight of 
water at 32^ Fahr. into saturated steam, is called the total heat of 
steam. James Watt, from very limited experimenting, concluded 
erroneously that the quantity of heat necessary to turn a pound 
weight of water into saturated steam from the freezing point was 
the same whatever the pressure. And Southern said that the heat 
absorbed in the passage &om the liquid to the gaseous state was 
constant for all pressures, and therefore that the total heat was to 
be found by adding this constant latent heat to the number which 
represents the temperature of the vapour. 

M. Begnault carried out an elaborate series of experiments on 
the subject, the results of which we shaU now give, in which he 
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proved that the laws of both Watt and Southern were incorrect. 
His observations extended through a very wide range of tempe- 
rature, and he found that the formula \ = 606*5 + '305 T, 
where \ represents the total heat of steam, and T is in degrees 
Centigrade, gave results which did not differ &om those obtained 
by experiment more than may be accounted for by errors of obser- 
vation. Begnault uses the Centigrade scale throughout his work ; 
if, however, Fahrenheit's had been used, then Begnault's formula 
would become 

\ = 1091-7 + 0-305 (T - 32), 

or sunplifying, 

A = 1081-94 + 0-305 T; 

T being the temperature as read on Fahrenheit's scale (that is, 
counting &om zero and not from 32°), and X being the total heat, 
or the heat necessary to convert 1 lb. of water at the freezing 
temperature into saturated steam at the temperature T. 

By means of this formula Table Y. was calculated, and by 
means of the figures at the foot of the table the total heat at any 
temperature not given may be found, perhaps, more easily than 
by using the formula directly. 

The latent heat is the heat required to turn the boiling water 
into steam ; the total heat includes the heat necessary to raise the 
temperature of the water from freezing to boiling, supposing you 
make the freezing temperature your starting point : in the case of 
water boiling at 212° this amounts to 180 units (212 - 32). If 
then we deduct the temperature (minus 32) from the total heat, 
we get the latent heat. For example, the total heat at 400 is 
1203-94, therefore the latent heat is 1203-94 - 368 = 835-94, 
at 212° = 966-6. The Table V. just referred to shows that the 
latent heat is different for every temperature, and diminishes as the 
temperature rises, which is at variance with Southern's supposed law. 

Begnault further carried out a most minutely accurate series of 
experiments on the tension of saturated steam at different tempe- 
ratures. The results of his experiments and the formula by which 
the tension of the vapour can be calculated for any pressure were 
given for degrees Centigrade and millimetres.* 

* *■ Relation des Exp^iences pour determiner les principales Lois et lea Donn^es 
Dum^riques qui entrant dans le Caloul des Machines k Vapeur.* Paris, 1847. 

I 
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The Eev. Hobert Dixon, in his work on heat, adapted the for- 
mula to the Fahrenheit scale, and inches of mercury, and then 
calculated the Table III., which, by his kind permission, is copied 
from that work and given at the end of this book. It shows the 
tension of the saturated vapour in inches of mercury for every 
degree Fahrenheit from - 30° up to 432^ See Table III. 

(The Eev. E. Dixon has given other valuable tables in his work 
which I have not availed myself of.) 

Eegnault's formula, as adapted by Dixon, is 

log. • =a-6oT- cjBT, 

where i = inches of mercury at the equator at the sea level, 
T = degrees Fahrenheit counted from 32 upwards. 

And for convenience in calculating he gives the logarithms of 
the above constants : 

a = 4-885 984 524 7 
log. a = 1-999 079 751 3 
log. i3 = 1-996 693 778 3 
log. 6 = 0-659 317 975 2 
log.c = 0-020 517 432 4 

This formula was intended by Eegnault to hold good between 
the limits of temperature - 30° Fahr. and 450° Fahr.* 

There is another subject of especial interest to engineers con- 
nected with steam, and this is the relationship of the volume 
occupied by the steam to the volume occupied by the water from 
which it was generated, or to, what is the same thing, the volume 
of water to which the steam would condense. This ratio is termed 
the specific volume. 

The most valuable investigation into this subject is that con- 
ducted by Messrs. Fairbaim and Tate. They published the results 
in the 'Philosophical Transactions' for 1860 and 1862, from 
which I have taken in full the figures given in the three first 
columns of the following table, except the pressure corresponding 
to 212^ Fahr. The meaning of the other columns will be explained 
later on. 

♦ In Kegnault's work other formula} are given, but the above is the most 
useful, and for all practical purposes the table at the end of this book is sufficient. 
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On the reealtB of their experimentB, which were oondooted in a 
moet ingenioaB manner, Meeers. Faiibaim and Tate baaed the 
following formula : 

V- 25-62 + -^5iL 
V-25 62 + p-p^, 



49513 



- -72, 



where Y is the speci£o Tolnme and P the tensicm of the steam 
meaenred b; a colnmn of mercury in inchee. 

If we Bnbetitnte poondB for inches of mercnrji the formula 
becomes 



IF were not givw la tha ' Fhil. Tiana.' 
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From this formnla we may calcnlate the specific volume for any 
tension in pounds. 

Other formulsB have been given for V, but the above one being 
based upon the most carefully conducted experiments, and agreeing 
very nearly with accurate experimental results, appears to be the 
most trustworthy. 

The figures given in that investigation are so exceedingly 
interesting that I propose to examine them in the following pages 
at some length, for from those results we may deduce another 
formula for the specific volume of steam &om which Table lY. has 
been calculated, as well as some fiixsts connected with the specific 
heat of steam. 

When water is being boiled into steam at any tension, heat has 
to be added for two perfectly distinct reasons, the one of which is 
the change of state from liquid to vapour, the other is the raising of 
the pressure exerted by the vapour itself K you boil off water at a 
tension of 60 lbs., which roughly corresponds to a boiler pressure of 
45 lbs., every time a cubic inch of vapour is formed it has while 
being formed to force back a pressure of 60 lbs. per square inch 
through a distance of 1 inch. As you cannot do work for nothing, 
you must put an extra amount of heat (beyond that merely required 
to turn a liquid into a vapour) into the steam. What this amount 
is may be calculated in the following manner. One pound of water 
occupies 27 * 69 cubic inches ; suppose it to be contained in a tube 
of 1 square inch sectional area, and to be converted into steam at a 
pressure of P lbs. on the square inch, and to occupy a specific 
volume V, 

Then the foot-pounds of work done in raising the pressure 

27*69 
through the specific volume are P x (V — 1) ^^ . We divide 

by 12 of course, because our volumes are in inches, and we wish 
them in feet, and we say V — 1 because the pressure is not lifted 
through the whole specific volume by the amount previously occu- 
pied by the water ; but inasmuch as Y is for all moderate ranges of 
temperature very large compared with 1, we may with sufficient 
practical accuracy say that the work done in foot-pounds is 

,^ 27-69 
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and therefore the xuiits of heat necessitated are 

27*fiQ 
P^^"^ 12 ^ 772 =!> X V X -002989, 

where V is the specific volume and p the pressure in pounds. 

In Messrs. Fairbaim and Tate's experiments the pressures were 
given in inches ; therefore adapting our formuk to mercury inches, 
^we get p X V X * 001465, V being the specific volume and p the 
pressure in inches of mercury. 

By means of this formula the figures in column 4 were calcu- 
lated, page 115. They are the number of heat units equivalent to 
the work done by the steam firom 1 lb. of water in raising the 
pressure through the volume occupied by the steam. 

Now the figures in column 5 are calculated according to 
Kegnault's formula for the total heat, already given on page 113, 
viz. X = 1081-94 + -305 T. 

The figures in column 5 show the total heat necessary to turn 
a pound of water into steam ; the figures in column 4 show how 
much of that heat was utilized in forcing back the pressure. If 
we deduct this latter from the former, we get what I have called 
the true total heat of the steam at that temperature, that is to say, 
the heat necessary to turn a pound of water from the freezing 
point into steam without allowing the steam to do any external 
work, or, what is precisely the same thing, putting the pound of 
water into a vacuous space (equal to the specific volume multiplied 
by 27 • 69), and then turning it into steam. 

The figures in column 6 have been so found, and have, for the 
sake of reference, been figured A, B, 0, D, &c. These quantities I 
have termed the apparent true total heats. 

The specific heat of steam may then be found as follows : 
From column 2 we may take two temperatures, and subtracting 
the less from the greater, we get a number representing a certain 
rise of temperature. From column 6 we get, opposite the two 
chosen temperatures, figures representing the absolute amount of 
heat in the steam at those two temperatures ; deducting the less 
from the greater, we get the amount of heat which has been added 
corresponding to the rise of temperature previously found from 
column 2. Now, by dividing the total amount of heat added by the 
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number of degrees rise of temperatnre occasioned by this addition^ 
we get a specific heat of steam. Thus, taking the cases marked 
A and H in colmnn 6, we see that the total heat added is, 
1089 -35 -1062 -12 = 27-23, and column 2 tells us the rise of 
temperature is 269 • 20 - 155 • 33 = 113-87; dividing the former 
by the latter, we get -23913. 

We may then try A and I, A and J, &c., then B and H, 
B and I, &c., and so on for them alL The following table shows 
each of the quantities so found, and &om what data : 





A 


B 


C 


D 


E 


F 





H .. .. 


•23913 


•24445 


•23667 


•24273 


•24014 


•26870 


•25356 


I .. .. 


•26719 


•27330 


•26971 


•27509 


•27373 


•30374 


•29188 


J .. .. 


•20665 


•21057 


•19944 


•20498 


•20122 


•22496 


•20784 


K .. .. 


•24111 


•24604 


•23917 


•24524 


•24239 


•26813 


•25472 


L .. .. 


•23458 


•23917 


•23177 


•23709 


•23517 


•25898 


•24544 


M .. .. 


•24045 


•24505 


•23855 


•24367 


•24152 


•26527 


•25275 


N .. .. 


•24444 


•24971 


•24308 


•24818 


•24618 


•27003 


•25793 


.. .. 


•22959 


•23369 


•22638 


•24785 


•22881 


•25057 


•23784 



The mean of all the fifty-six quantities is "24457 ; but if we 
throw out all the figures in the columns opposite the letters IJ F G 
as being apparently extreme values, the mean of the remaining 
thirty quantities becomes • 2400667, or • 2401. 

-2401 may therefore be taken as an approximate value of what 
I have, in this examination of Messrs. Fairbaim and Tate's experi- 
mental results, called the specific heat of steam. 

At this point I make an assumption which is a true one for a 
perfect gas, but I am not aware whether steam has been experi- 
mented on or not. I assume that saturated steam, when expanding 
without doing any work, that is, expanding into a vacuum, under- 
goes no change of temperature. 

Gay-Lussac first proved this to be the case for air. He had 
two vessels in communication by means of a short pipe with a cock 
on it between them. In one of these vessels there was air, in the 
other nothing, or, in engineering parlance, a vacuum. He opened 
the cock, and allowed the air to pass from one vessel to the other 
until the pressure was equal in each, and found no change in tern- 
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peratnre. Joule went farther : he compressed air to a pressure of 
20 atmospheres, and surrounded both vessels with water before 
opening the cock. After the cock had been opened, and the pres- 
sure was the same in both vessels, no change of temperature was 
observable. 

Suppose we consider this to be true for steam. Eegnault's 
formula says that the total heat of steam at any temperature 
Ti° = 1081 • 94 + • 305 Ti. Now calling S v^ and p, the specific 
volume, and pressure in inches of mercury corresponding to Ti°, 
then what we have termed the true total heat at any tempera- 
ture 

Ti becomes = 1081*94 + -SOSTi - St^i x />i X '001465. (See page 117.) [A] 

and at 

T, it becomes = 1081*94 + -305 T, - Sr, x i?^ X '001465. [B] 

A pound of saturated steam formed in a vacuum at a tempera- 
ture Ta and a pressure of Pa mercury inches would cont«dn 
an amount of heat which formula B gives us. Now let this 
steam increase its volume in a vacuum (that is, without doing 
work, as in Joule's experiment) until it occupies the volume of 
1 lb. of saturated steam at a temperature Ti°. If our assump- 
tion is a correct one there will be no alteration of temperature, 
which will remain Tg^, and of course there will be no alteration 
in the total amount of heat contained. Consequently the pound of 
steam at its new volume is superheated, for to retain it as a satu- 
rated vapour the temperature should be T°, whereas it is Tg^. It 
is superheated Ta^-Ti^, and therefore contains (Ta^-Ti^) x -2401 
units of heat more than is necessary to hold it as a saturated 
vapour. If therefore we deduct (Ta" — Ti°) • 2401 units of heat 
from the amount of heat contained in the saturated vapour at Ta^, 
we shall get the amount of heat contained in the saturated vapour 
at Ti°. Now the formulae A and B give us these two quantities. 
Therefore we say 

1081-94 + -305 T, - '001465 Bv^xp^- '2401 (T, - T,) 
= 1081-94 + -305 Ti - -001465 Bv^ x j?, , 

and therefore 

•305 (T, - T,) - -2401 (T, - T^) - -001465 S», x p, 
= — -001465 8171 xpi,- 
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and therefore 

•0649 (T, - Ti) + 001465 8v^ X a = '001465 S«, x p, , 
•0649 (T, - Ti) + -001465 S«, x p^ 



• 001465 p. 



= Sc,. 



If we can assign any yalne to S Vi X pi, we have a formnla 
which gives ns the specific volume corresponding to any pressure. 

To do this with the nearest approximation to correctness, the 
specific volume at a temperature of 300° Fahr. and corresponding 
pressure of 136 * 72 inches of mercury was calculated for 22 out of 
the 23 experimentally found data given by Messrs. Fairbaim and 
Tate, Ti 8 Vi and pi being each time taken from columns 1, 2, and 3. 
The result was a mean specific volume of 385 ; throwing out 5 
extreme values, it becomes 384. 

Now, let us substitute this value in the above equation for S t^i, 
136*72 fdr^i, and 300 for Tj, and our formula becomes 

•0649 (Tj - 300) + -001465 x 136*72 x 384 
* -001465/?, 



or 

St;, = 



_ •0649 T g + 57-42 
* " Wl465p, 



and dropping accents 

•0649T + 57-42 



St? = 



• 001465 p 



p being in inches of mercury, T the number of degrees Fahr., 
counting from zero, not from the freezing point. 

By means of this formula the specific volume for all the tem- 
peratures at which Messrs. Fairbaim and Tate experimented, were 
calculated, and the results given in column 7. These quantities so 
calculated will be found to be in moderately close accord with those 
found experimentally and given in column 3. 

Our general formula 

0649T + 5742 



Stj = 



• 001465. p 



is the most convenient form, because p can be found corresponding 
to any temperature T, from Professor Dixon's Table, given at the 
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end of this work, p is. there in inches of mercury, but if pounds 
per square inch were the unit, then the formula would become 

- '06^ 9 T 4- 57-42 
•00299X1) 

A Table of calculated specific volumes will be found at the end 
of the work. See Table IV. 

We saw on page 119, that if saturated steam at a temperature 
of Ta® and volume S v^ were 'allowed to expand to S Vi, without doing 
work, it would superheat itself T2 — Ti° of sensible heat, and would 
therefore superheat itself to the extent of (T2-Ti)-2401 units of 
heat. If we call H2 and Hi the true total heats, see p. 119, then 

H, - (Tj - Ti) -2401 = Hi , 

therefore 

Hj - T, -2401 = Hi - Tj -2401 ; 

and therefore generally 

Hn - Th -2401 = H, - Ti -2401, 

where T, is any temperature whatever ; and therefore 

Hn ~ T» *2401 = G, or a constant quantity. 

We may write this 

H, = + T, -2401. 

This means that the heat required to turn water at 32° Fahr. in a 
vacuum, into steam, is for all temperatures and corresponding 
pressures a constant quantity plus '2401 the degrees of sensible 
temperature. We may easily see what this constant quantity G is ; 
our formula says 

♦0649T + 57-42 
-001465X1) ' 

therefore 

Sc X -001465 X p = -06491 + 57*42 ; 

but the left-hand member of this equation is the work done in 
forcing back the vapour, therefore the right-hand member is also 
equal to that ; and since \ = H» + work done in raising the 
vapour, therefore 

A = H, + -0649 T, + 57-42, 

but Begnault's formula says 

\ = 1081-94 + 0- 305 T« 
.-. 1081-94 + 0-305 Tn = H„ + -0649 T„ + 57-42, 
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and again 

H, =:C + T, X -2401 
.-. 1081-94 + 0-305 T» = C + T, x -2401 + -06491, + 57*42, 

wherefore 

C = 1024-51. 

The knowledge we have obtained of the relation of the tempe- 
rature to the pressnre and specific volnme of steam will enable ns 
to see at once that if steam expanded doing the fall amount of 
work corresponding to the varying pressure, as steam does when 
expanding in a cylinder, partial condensation must ineyitably ensue 
in a cylinder made of a perfect non-conducting material, that is, a 
cylinder which does not give up any heat to the steam. One 
example, based entirely upon experiment, will sujKce to prove this. 
The dotted black curved line in Fig. 52 is the curve of specific 
volumes laid down from Fairbaim and Tate's experiments. The 
vertical ordinates represent the pressure in pounds, the horizontal 
ordinates the volumes occupied by the steam at the different pres- 
sures. 

We will take 1 lb. of steam at a specific volume 2149-5, and 
suppose it, as we have frequently done before, to push back a 
piston of 1 square inch area, until it occupies a specific volume 
5335. The mean pressure between these specific volumes A and B 
may be found from the figure to be close upon 6 * 5 lbs. Therefore, 
6-5 lbs. have been raised through (5333 - 2149) x 27*7 = 3184 
X 27*7 inches, and the number of units of heat necessary to do 

this are -^^ X 6-5 x 27-7 = 619. 
12 X 772 

If the steam in expanding from A to B never condensed, then 
the steam must always have been either in the saturated state, and 
must have shown pressures as given by the line A B, or the steam 
must have been superheated, in which case the pressures would 
have been above the line A B. If the pressures had been above 
the line A B, then in expanding the steam would have done more 
work than is equivalent to 61*9 units. We will consider it as 
doing 61 • 9 units only, which is the lowest possible quantity com- 
patible with the assumption that no condensation takes place. 

Now when steam occupies a specific volume of 2149*5 it con- 
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tains 1142 ' 57 nnits of heat ; now it expands and loses 61 * 9 units, 
and therefore when it reaches a specific volnme of 5333 * 5 at B it 
contains 1080-67 nnits. 

But to maintain steam in a saturated condition at a specific 
volume of 5333 • 5 you must have 1129 • 3 units, and you have only 
got 1080*67. The steam cannot therefore have done as much 
work as the line A B represents, and must therefore have partially 
condensed. 

If the curved line A B had been drawn in according to Boyle's 
law, starting from the point A, it would have been sUghtly above 
its present position, and would therefore have represented a still 
larger expenditure of heat units while expanding, and a conse- 
quently greater condensation, than in the first case considered. 

It is still occasionally maintained that steam in expanding does 
not condense; on this account the condensation has not been 
assumed. 

We see at once that if saturated steam in expanding partially 
condenses, it must be superheated if compressed ; for if it be not 
superheated by the compression let it remain saturated, then allow 
it to expand again, and we know condensation will result ; whereas 
we have by expansion only taken out at most as much heat as 
we put in during the compression, and there was enough heat 
originally in it to hold it as a saturated vapour, and there should 
therefore be that amount still in it. 

That a very large amount of condensation does take place in 
both compound and simple expansive engines is proved by the 
most unquestionable testimony. At the end of this chapter is 
given an account of the trials of three American vessels, the 
' Bush,' the ' Dexter,' and the ' Dallas.' 

The amount of steam which disappeared partly by condensa- 
tion, and to a certain extent by leakage, will be seen to have been, 
in the cases of the non-compound engines, enormous ; but I do not 
wish it to be inferred that all the steam which is condensed, is 
condensed owing to the abstraction of heat while the steam is 
working in the cylinder. Other causes of condensation have been 
referred to. 

Although a pound weight of steam cannot expand following 
Boyle's law, nor even expand showing pressures considerably below 
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those given by Boyle's kw, yet we do find. that, in a very large 
number of engines, the expansion, as shown by the hidicator card, 
has taken place in very close accordance with that law. The &ct 
is, that a considerable quantity of the steam when first admitted to 
the engine at the beginning of the stroke is at once condensed, and 
when the cut off has taken place and the pressure begins to taSl 
this condensed water, which is at a high temperature, begins to 
boil, so that the quantity of steam in the cylinder is increased 
as the piston nears the exhausting point. If it had not been for 
this re-boihng the pressure would have been much below the point 
where we find it. 

A gas may expand under two very different influences, and the 
indicator cards they would give are known by the two names 
Isothermic and Adiabatic. When the gas expands and its tempera- 
ture is kept constant throughout the experiment, the curve is an 
isothermic one ; when it expands, no heat being either put into it 
or taken out of it, the curve becomes an adiabatic one. In an 
adiabatic curve the heat lost by the gas while doing work is not 
returned to it ; in an isothermic curve it is. In Professor Clerk- 
Maxwell's book on heat, the interesting subject of these curves 
has been treated at some length, and the reader is referred to it for 
further information. 

A very large amount of ingenuity has been expended in the 
attempt to discover the law which steam foUows in expanding. 
The fact remains, however, that for practical purposes not one of 
them can compare in point of utility with the commonly used one 
of Boyle and Mariotte. Even supposing any such formula to be 
found, which would accurately give the shape of the expansion 
portion of the indicator card for each separate engine, it still only 
determines one small portion of the card, and that by no means 
the most important. It would not tell us how much to deduct 
from the boiler pressure to find the pressure in the cyUnder ; it 
would not tell us the shape of the card where the wire-drawing 
cut off took place, nor the shape of the exhaust comer, nor, more 
important than aU, would it tell us what vacuum you were going 
to get in the cylinder ; so that as a guide to the probable indicated 
horse-power of an engine Boyle and Mariotte's law may be con- 
sidered as infinitely the simplest, and, considering on how many 
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other things the power is dependent, it may also be considered as 
quite sufficiently accurate. 

I will just notice one of the simplest of these formulaB, viz. 



.10 



Boyle's law saying 

Taking this firsts since 



the area of the curve, viz. 

generally, now let the steam expand to any new volume VS the 
area of the curve is again 

= 01og.^VS 

-'. the area of the curve between the two points V and V, that is 
during the expansion, is 

C log. ^ V» - log. ^ V = Gog. ^ V - log. ^ V) 

yi 
= 0l0g. € y, 

or, using the common logarithms, we get 

= X 2-3026 X log. ^'. [A] 

Now taking the formula 

p X VT = 0, 

therefore 

|3 = C-V- = 0V"^ and fpdv = cfY'''^dv. 

Now generally 

I af^ax = — — rr » ' 
•^ m + 1 

except where w = — 1. 
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Write — V for m, and 

/V"* 1 

pdo = 0— --=-90— , 



and for any new volume 



V, = -90-l-; 



/. the area during expansion is — 9 I — r r | . fB] 

VVi* VV 

We must remember that the two G's which appear in A and B 
are not the same. We will now take a cylinder cutting off at 
12 inches and exhausting at 96, which is an expansion of eight 
times, with an initial tension of 60 lbs. per square inch. 

Equation A says that during expansion the area of the curve is 

X 2-3026 X log. 8 = 60 X 12 X 2-3026 x '90309; 

and if we divide this by 96 — 12 = 84 we get the mean pressure 
in lbs. = 17-8. 
In formula B, 



-10 



0=1). VT = 60x 16-8, 

and the area 



= — 9 X 60 X 



-(^.-^) 



= - 9 X 60 X 15-8 (-6022 - -7587) 
= -9x60x 15-8 (- -1565), 

and dividing by 84 the length of the curve, our mean pressure 
becomes 15 * 8. 

When it is desirable to find out the probable mean pressure, 
the author strongly recommends the draughtsman to make a 
drawing of the card, and not on any account to trust to any 
formula which has been yet given. 
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TEIALS OF THE 'EUSH,' 'DEXTEK,' AND 

' DALLAS.' 

Li the year 1874 a trial of the greatest interest to all engineers 
was conducted in America upon three Government vessels, the 
' Eush,' the 'Dexter,' and the 'Dallas.' The trial was conducted 
by Mr. C. H. Loring, Chief Engineer of the United States Navy, 
and Mr. 0. E. Emery, consulting engineer, with great care, giving 
us comparable results of a perfectly reliable nature. Not only are 
the results they obtained of great value, but the manner in which 
they set about obtaining them, the exceedingly careful manner in 
which the whole investigation was made, constitutes a valuable 
lesson to engineers generaUy. 

The engine of the ' Eush ' was a compound one, with vertical 
cylinders with intermediate receiver, taking on to cranks at right 
angles. The cylinders were jacketed, 24 and 38 inches diameter 
and 27 inches stroke. Surface condenser. 

The ' Dexter's ' engine was a single vertical cylinder, 26 inches 
diameter and 36 inches stroke. It was not jacketed. SurfiEUie 
condenser. 

The ' Dallas's ' engine was a single vertical cylinder, 36 inches 
diameter, with 30 inches stroka The cylinder was not steam 
jacketed. Sur£ace condenser. 

Manner ofmaJcing tJie Experiments, {Copied from Messrs. 

Loring and Emmery's Report.) 

The experiments were made with vessels secured to the wharf. 
The coal, which was anthracite of fair quahty, was broken on the 
wharf to proper size (the vessels' bunkers having been closed and 
sealed), and filled into bags to a certain weight. The bags were 
sent on board when ordered by the senior engineer on watch, he 
making record on the log of the number of bags and the time of 
receipt, a similar record being made by one of the men on the 
wharf. At the end of the hour the number of bags of coal 
actually put on the fire, was reported from the fire-room, and 
entered in the appropriate column. The several records agreed 
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with each other, and the total amonnt expanded corresponded with 
the total number of bags filled on the wharf. The ashes were 
measnred into buckets (of which the mean weight was ascertained), 
and tallied as they were hoisted out. They were afterwards 
weighed in the gross on the wharf, and the two accounts found to 
agree substantially. 

The feed water was measured after its delivery from the surface 
condenser and before its return to the boiler, for which purpose a 
tank of boiler plate was especially constructed, haying a plate 
dividing it vertically into two equal parts. In the upper edge of 
the plate was cut a rectangular notch 8 inches long, by which the 
height to which each half of the tank could be filled was deter- 
mined. The mean of the weight of water which the half-tank 
contained was 1129^ lbs., at a temperature of 72° Fahr. 

In the computations for each experiment, the weight of water 
is reduced to correspond with mean temperature. 

One of the feed pumps was disconnected from the check-feed 
valve, and its discharge pipe led to a small receiving tank, placed 
over the two halves of the measuring tank, into which this pump 
forced the condensed water firom the hot welL The receiving 
tank had on its bottom two cocks, one over each half-tank, so that 
either could be filled from it at will. The other feed pump had its 
suction pipe detached from the hot well, and connected with the 
bottoms of the two half-tanks through a cock on each, so that the 
contents of either could be drawn out and discharged into the 
boiler. 

The method of measuring the water and recording it was as 
follows : one side having been filled, the cock over it on the receiving 
tank was closed, and the other over the empty half opened. When 
the water in the full one had settled to the height of the edge of 
the notch, its cock in the feed pipe was opened, and the contents 
pumped into the boiler (care being taken to empty one in less time 
than it took to fill the other). When empty, its feed cock was 
closed. When the water in the tank being filled reached within a 
few inches of the notch, a gong in the engine-room was sounded 
to call attention, and when it reached the notch the gong was 
struck twice. At this instant the assistant-engineer in the engine- 
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room noted the reading of the counter, and an attendant in the 
fire-room noted and reported the height of water in the glass gnage 
in the boiler, as shown by a scale of inches secured to it. The 
attendant at the tank also noted the time of filling, and the 
temperature when the tank was half emptied. After entering 
the number of the counter in the log, the assistant-engineer 
ascertained the numerical difference between that and the pre- 
ceding entry, and if it was fer firom the average its cause was 
sought for. 

By this system of checks all errors of record could be detected, 
and it was possible to preserve and utilize any continuous run 
which came to an end through derangement of the engine. All 
parts of the tanks, pipes, and cocks were plainly yisible to the 
eye; and had any leaks occurred therein, they must have been 
detected. That the condensers were tight was evident from the 
tsuct that the water remained quite &esh in the boilers. 

The water lost from ordinary causes in the circulation to and 
from the engine and boiler, was replaced by running hydrant water 
in the tank that was being filled. The additional water was there- 
fore measured and charged in the cost. 

The loss of water was not sufficient to affect the result materi- 
ally in either caee. It was greatest in the ' Dexter,' which had 
been on service. The safety valve of this vessel leaked slightly, 
and there was probably some other trifling leak that could not be 
detected. The number of inches that the water fell in the boiler 
between periods of supply being shown in the logs, were added 
together, and from the same and the known dimensions of the 
boiler, the volume and weight lost were ascertained quite accurately. 
The reduction in the number of revolutions per tank, when the 
water was being received from the hydrant, furnished another and 
perhaps still more accurate means of ascertaining the proportionate 
amount lost and returned. The two methods closely agreed in 
fixing the loss in the case of the * Dexter ' at 4 • 96 per cent, of the 
total amount of water used. 

A number of indicators were tested with steam before the trials, 
and a pair selected for use which proved correct by a standard 
gauge at varying pressures. Indicator diagrams were taken every 

E 
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twenty minutes throughont the trials, and the data of the usual 
columns of the log (except the coal and ashes) every half hour. 

It was ascertained that the pistons of the 'Dexter' and 'Dallas' 
were tight hy removing the cylinder covers, and letting on Ml 
steam pressure. 

During the first and principal experiments with each vessel, 
the several boilers were worked at their maximum power with 
natural draught at the dock, the fires being cleaned regularly as at 
sea, and the cut-offs adjusted to carry a steam pressure of about 
70 lbs. during the trial of the ' Bush ' and ' Dexter,' and about 
35 lbs. during the trial of the ' Dallas.' 
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Table ahowing the performances of the three U.S. vesaels, * Bush,' * Dbxtbr,' 
and * Dallas,' condensed from the Table given in Messrs. Loring and Emery's 
Beport. 



Duration of trial 
Pounds of water 



used 






•Rush.' 



to 1 I.H.P. per 

hour as measured from tank 
Percentage of water used accounted for 

by the indicator 

Percentage of water which does not make| 

its appearance in the indicator . . . . / 
Number of lbs. of water evaporated at the^ 

observed temperature and pressure . . j 
Coals consumed per I.H.P. per hour 
Goals burnt per square foot per hour . . 

MeanLH.P. 

Ratio of expansion 

Piston speed 

Steam 

Vacuum 

Diam. cylinders in inches 

Stroke in inches 

Total grate surface in feet 

heating surface in feet 

condensing surface in feet 



>» 



h.p. oyl. l.p. cyl. 
55 hours. 

18-38 
93-23 73-55 



* Dexter.* 



6-8 



26-45 



7-55 



»> 



2-43 

11-4 

266-5 

6-22 

319 

69 

26-5 

24 38 

27 

57 
1573 

900 



34ihr8. 
23-9 

68-32 

31-68 

7-63 

313 

12 

219 
3-49 

366 

67 
25-5 

26 

36 

57 
1573 

900 



DaUas.' 



31 hrs. ' 
26-9 

74-45 

25-5* 

7-86 

3*42 

13-3 

221-5 

3- 13 

308* 

32 
25-2 

36 

30 

57 
1689 

900 



* This row of figures is added by the author. 
TABLE I. 

BaBOMETRIO SoALE in MiLLIMETBES and lNOHES.t 




t Copied fh>m Brande and Taylor's ' Chemistry.' 
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TABLE n. 

Thebmometbioal Equiyalehts.* 



Cent 


Fahr. 


Cent 


Fkhr. 


Gent 


Fahr. 


Gent 


Fahr. 


Gent 


Fahr. 


-30 


-220 


3 


37-4 


36 


96' 


8 


69 


156-2 


102 


215-6 


-29 


-20-2 


4 


39-2 


37 


98- 


6 


70 


158-0 


103 


217-4 


-28 


-18-4 


5 


410 


38 


100- 


4 


71 


159-8 


104 


219*2 


-27 


-16-6 


6 


42*8 


39 


102' 


2 


72 


161-6 


105 


221-0 


-26 


-14-8 


7 


44*6 


40 


104' 





73 


163-4 


106 


222-8 


-25 


-13-0 


8 


46-4 


41 


105' 


8 


74 


165-2 


107 


224-6 


-24 


-11-2 


9 


48-2 


42 


107' 


6 


75 


167-0 


108 


226-4 


-23 


- 9-4 


10 


500 


43 


109 


4 


76 


168-8 


109 


228-2 


-22 


- 7-6 


11 


51-8 


44 


111 


2 


77 


170-6 


110 


230-0 


-21 


- 5-8- 


12 


53-6 


45 


113 





78- 


172-4 


111 


231*8 


-20 


- 40 


13 


55-4 


46 


114 


•8 


79 


174-2 


112 


233-6 


-19 


- 2-2 


14 


57-2 


47 


116 


•6 


80 


176 


113 


235-4 


-18 


- 0-4 


15 


59-0 


48 


118 


•4 


81 


177-8 


114 


237*2 


-17 


+ 1-4 


16 


60-8 


49 


120 


•2 


82 


179-6 


115 


239-0 


-16 


+ 3-2 


17 


62-6 


50 


122 


•0 


83 


181-4 


116 


240-8 


-15 


+ 5 


18 


64-4 


51 


123 


•8 


84 


183-2 


117 


242-6 


-14 


+ 6-8 


19 


66-2 


52 


125 


•6 


85 


185-0 


118 


244*4 


-13 


+ 8-6 


20 


68-0 


53 


127 


•4 


86 


186-8 


119 


246-2 


-12 


+10-4 


21 


69-8 


54 


129 


2 


87 


188-6 


120 


248-0 


-11 


+12-2 


22 


71-6 


55 


131 





88 


190-4 


121 


249-8 


-10 


+140 


23 


73-4 


56 


132 


'8 


89 


192-2 


122 


251-6 


- 9 


+15-8 


24 


75-2 


57 


134 


6 


90 


194-0 


123 


253-4 


- 8 


+17-6 


25 


77- 


58 


136 


4 


91 


195-8 


124 


255-2 


- 7 


+19-4 


26 


78-8 


59 


138 


2 


92 


197-6 


125 


257-0 


- 6 


+21-2 


27 


80-6 


60 


140' 





93 


199-4 


126 


258-8 


- 5 


+230 


28 


82-4 


61 


141' 


8 


94 


201-2 


127 


260-6 


- 4 


+24-8 


29 


84-2 


62 


143' 


6 


95 


203 


128 


262*4 


- 3 


+26-6 


30 


86-0 


63 


145' 


4 


96 


204-8 


129 


264-2 


- 2 


+28-4 


31 


87-8 


64 


147' 


2 


97 


206-6 


130 


266-0 


- 1 


+30-2 


32 


89-6 


65 


149- 





98 


208-4 


131 


267-8 





+320 


33 


91-4 


66 


150 


'8 


99 


210-2 


132 


269-6 


1 


+33-8 


34 


93-2 


67 


152- 


6 


100 


212*0 


133 


271-4 


2 


35-6 


35 


95- 


68 


154' 


4 


101 


213-8 


134 


273-2 



* Copied from Brande and Taylor's 'Chemistry/ 
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Table II. — continued. 



Gent. 


Fahr. 


Gent. 


Fahr. 


Gent. 


Fahr. 


Gent. 


Fahr. 


Orait 


Fahr. 


135 


275- 





169 


336-2 


202 


895 


•6 


235 


455*0 


268 


514*4 


136 


276' 


8 


170 


338-0 


203 


897- 


4 


236 


456*8 


269 


516-2 


137 


278' 


6 


171 


339-8 


204 


399' 


2 


237 


458*6 


270 


518*0 


138 


280- 


4 


172 


341-6 


205 


401' 




238 


460*4 


271 


519-8 


139 


282' 


2 


173 


343-4 


206 


402 


'8 


239 


462-2 


272 


521*6 


140 


284- 





174 


345-2 


207 


404' 


•6 


240 


464*0 


273 


523*4 


141 


285" 


"8 


175 


347-0 


208 


406' 


4 


241 


465*8 


274 


525-2 


142 


287- 


"6 


176 


348*8 


209 


408' 


2 


242 


467*6 


275 


527*0 


143 


289 


■4 


177 


350*6 


210 


410 




243 


469*4 


276 


528*8 


144 


291 


2 


178 


352*4 


211 


411 


■8 


244 


471-2 


277 


530*6 


145 


293 


•0 


179 


354-2 


212 


413 


'6 


245 


473*0 


278 


532-4 


146 


294 


•8 


180 


356-0 


213 


415 


•4 


246 


474*8 


279 


534*2 


147 


296 


•6 


181 


357-8 


214 


417 


•2 


247 


476*6 


280 


536*0 


148 


298 


•4 


182 


359-6 


215 


419 


•0 


248 


478-4 


281 


537*8 


149 


300 


'2 


183 


361-4 


216 


420 


'8 


249 


480-2 


282 


539-6 


150 


302 


•0 


184 


363-2 


217 


422 


•6 


250 


482*0 


283 


541*4 


151 


303 


■8 


185 


365-0 


218 


424 


■4 


251 


483*8 


284 


543*2 


.152 


305 


•6 


186 


366-8 


219 


426 


•2 


252 


485*6 


285 


545-0 


153 


307 


•4 


187 


368-6 


220 


428 


•0 


253 


487-4 


286 


546-8 


154 


309 


•2 


188 


370-4 


221 


429 


•8 


254 


489-2 


287 


548-6 


155 


311 


■0 


189 


372*2 


222 


431 


6 


255 


491-0 


288 


550-4 


156 


312 


•8 


190 


374*0 


223 


433 


4 


256 


492-8 


289 


552*2 


157 


314 


•6 


191 


375-8 


224 


435 


■2 


257 


494-6 


290 


554-0 


158 


316 


4 


192 


377-6 


225 


437 


•0 


258 


496-4 


291 


555*8 


159 


318 


•2 


193 


379-4 


226 


438' 


•8 


259 


498-2 


292 


557*6 


160 


320 




194 


381-2 


227 


440 


•6 


260 


500- 


293 


559*4 


161 


321 


•8 


195 


383*0 


228 


442' 


4 


261 


501-8 


294 


561*2 


162 


323 


•6 


196 


384*8 


229 


444 


2 


262 


503-6 


295 


563*0 


163 


325 


•4 


197 


386-6 


230 


446' 





263 


505-4 


296 


564*8 


164 


327 


•2 


198 


388*4 


231 


447- 


"8 


264 


507-2 


297 


566-6 


165 


329 


•0 


199 


390*2 


232 


449' 


'6 


265 


509-0 


298 


568*4 


166 


330' 


8 


200 


392* 


233 


451- 


4 


266 


510-8 


299 


570*2 


167 


332 


6 


201 


393*8 


234 


453 


2 


267 


512-6 


300 


572-0 


168 


334 


4 



















TABLE in.* 

S PBBMtlBI OF AqUICOUS VAK>UH IN InOHES Of ] 

53° 21' FOB FAm Decree Fakrbnheit feom - 





FYfasuTf lu lDii<?a 




Pri^nraiTiIncliBi 




lTeB<nrc in locbH 




"^^S^aSiva'' 


'^TJT' 


<,(MiJ^"t3r 




of MprcuTj it 3a» 


tare. 






at Seu UvtL 


lure. 


alSeaLe-ei. 


-so 


OO'JQ 


21 


1121 


71 


0-7580 


-23 


0105 


22 


1171 


72 


0-7841 


-28 


0111 


23 


1223 


73 


0-8109 


-27 


0117 


24 


1278 


74 


0-8386 


-26 


0123 


25 


1335 


75 


0-8671 


-25 


01 JO 


2t. 


1«5 


76 


0-8964 


-2* 


0137 


27 


1457 




0-9266 


-2B 


0144 


2S 


1522 


78 


0-9577 


-22 


0152 


2J 


15M9 


79 




-21 


OlbO 


30 


IbbO 


80 


1-0227 


-20 


01b8 


31 


1733 


81 


1-0566 


-19 


0177 


d2 


IblO 


82 


1-0915 


-19 


OlgG 




1883 




1-1274 


—17 


019G 


34 


1959 


84 


1-1643 


—16 


020G 


35 


2038 


85 


1-2023 


-16 


0216 


36 


2U9 


86 


1-2413 


-14 


0^27 


37 


2204 


87 


1 -2815 


-13 


0238 


38 


2291 


88 




-12 


02-10 


39 


2381 




1-3652 


-11 


02b2 


40 


2475 


90 


1-4088 


-10 


0275 


41 


2571 


91 


1-4537 


- 9 


0289 


42 


2672 


92 


1-4998 


- 8 


0303 


4S 


2775 


98 


1-6471 


- 7 


0317 


14 




94 


1-5958 


- 6 


0S32 


45 


2993 


93 


1-6457 


- 5 


0148 


46 


3108 


96 


1-6971 


- 4 


OibS 


47 


3226 


07 


1-7498 


- 3 


0182 


48 


3349 


98 




- 2 


0400 


49 


3476 




1-8595 


_ 1 


0419 


50 


3607 


100 


1-917 





0439 


51 


3742 


101 


1-975 


1 


0459 


52 


^882 


102 


2 035 


3 


0503 


53 


4026 


103 


2-097 


4 


0526 


54 


4175 


104 


2-160 


5 


0551 


55 


4329 


105 


2-225 


6 


057b 


56 


4488 


106 


2-292 


7 


0b03 


57 


4b53 


107 




8 


0fa30 


58 


4822 


108 


2-430 


9 


0b59 


5t 


4197 


109 


3-502 


10 


06B9 


00 


'5178 


110 


2-576 


11 


0721 


1.1 


5-i64 


111 


2-652 


12 


075J 


b2 


555b 


112 


2-729 


13 


07S8 


b3 


5755 


113 


2-809 


14 


0823 


64 


5959 


111 


2-890 


15 


OSbl 


65 


6170 


113 


2-974 


16 






0G3a8 


lie 


3-059 


17 


0940 


67 


6bia 


117 


3-147 


18 


0982 


68 


6843 


lie 


3-237 


19 


1027 


69 


7081 


119 


3-329 


20 


1073 


70 


7327 


120 


3-423 



• Co^el from UK Bev. K. Mion'e ' TrestlBB 



Table HI. — ixmthiuad. 





Pram™ In IncJ,™ 




p™u.,.I.c.« 


"=- 


Pr«™refnlnch» 


Tfinpent 


"'Si^L^ 


Tfinpcni- 


ot Mercurj «1 Ba° 


"^1Z"Z^^ 


121 


3-520 


173 


13- 033 


225 


38-50 


123 


3-619 


174 


13-333 


226 


39-23 


123 


3 '720 


175 


13-639 


227 


39-98 


121 


3-824 


176 


13-951 


228 


40-74 


125 


3-9^0 


177 


14-268 


229 


41-52 


126 




178 


14-593 




42-30 


137 


i-\5fi 


179 


14-922 


231 


43-10 


128 


4-264 


ISO 


15-258 


232 


43-91 


129 


4-a8I 


181 


15-600 


233 


44-73 


130 


4-500 


182 


15-949 


234 


45-57 


131 


4-622 


183 


16-304 


235 


46-42 


132 


4 '747 


184 


16-666 


236 


47-28 


133 


4-874 


185 


17-034 


237 


48-15 


134 


5-005 


186 


17-4X0 




49-04 


135 


5-139 


187 


17-792 




49-94 


136 


5-275 


18a 


18-181 


240 


50-85 


137 


5-415 


189 


18-577 


241 


51-78 


13S 


5-558 


190 


18-981 


242 


53-72 


139 


5-704 


191 


19-392 


243 


53-67 


140 


5-854 


192 


19-810 


244 


54-64 


141 


6-006 


193 


20-236 


245 


55-63 


142 




194 


20-669 


246 


56-62 


143 


6-323 


195 


21-110 


247 


57-64 


144 


6-485 


196 


21-559 


248 


58-66 


145 


6-651 


197 


22-016 


249 


59-71 


146 




198 


22-480 


250 


60-76 


147 


G-996 


199 


22-953 


251 


61-84 


148 


7 173 


200 


23-435 


252 


62-92 


149 


7-354 


201 


23-924 


253 


64-03 


160 


7-540 


202 


24-422 


234 


65-15 


151 


7-729 


203 


24-929 


255 


66-28 


162 


7-922 


204 


25-445 


256 


67-43 


163 


8-120 


205 




257 


68-60 


154 


8-321 


206 


26-502 


258 


69-79 


155 


8-527 


207 


27-045 


259 


70-99 


156 


8-737 


208 


27-597 


260 


72-20 


157 


8-951 


209 


28-158 


261 


73-44 


158 


9 -no 


210 


28-728 




74-69 


159 


9-383 


211 


29-308 


263 


75-96 


160 




212 


29-898 


264 


77-24 


161 




213 


30-50 


265 


78-55 


162 


10-090 


214 


31 11 


266 


79-87 


163 




215 


31-73 


287 


81-21 


164 


10-579 


216 


32-35 




82-56 


165 


10-831 


217 


32-99 


269 


83-94 


166 


11-088 


218 


33-64 


270 


85-33 


167 


11-350 


219 


34-30 


271 


86-75 


16S 


11-C17 


220 


34-98 


272 


88-18 


169 


11-889 


221 


35-66 


273 


89-63 


170 


12-167 


222 


36-35 


274 


91-10 


171 


12-450 


223 


37-05 


275 


93-59 


172 


12-739 


224 


37-77 


276 


94-10 



Table m. — contintied. 





PreHore in IncbM 




Pr««ui« Lb Inchn 


"tr- 


PraEnreinlud.- 


'''wk"' 


•":;si;;r 


™K"" 


of M.TCurj at 32° 


-jE^sr 


277 


»5'e3 


329 


207-49 


S81 


404-00 


278 


97-18 


330 


210-36 


382 


406-92 


279 


98-75 


331 


213-27 


383 


413-81 


280 


100-34 


332 


216-21 


334 


418-73 


281 


101-95 


333 


219-18 


385 


423-71 


282 


103-58 


334 


2-^2 -18 


386 


428-73 


283 


105-23 


335 


225-21 


387 


433-79 


284 


106-91 


336 


228-28 




438-90 


385 


108 -eo 


337 


231-38 


389 


444-06 


286 


110-32 


338 


235-51 


390 


449-26 


287 


112-05 


339 


237-68 


391 


454-51 


288 


113-81 


340 


240-88 


392 


459-80 


289 


115-60 


341 


244- 12 




465 15 


290 


117-40 


342 


247-38 


394 


470-54 


2S1 


119-23 


343 


250-69 


395 


475-98 


2B2 


121-08 


344 


254-02 


396 


481-46 


293 


122 -95 


345 


257-39 


397 


487-00 


Wi 


124-85 


846 


260-80 




492-58 


295 


126-77 


347 


264-24 


399 


498-22 


290 


128-71 


348 


267-72 


400 


503-90 ■ 


297 


130-68 


349 


271-23 


401 


509-63 


298 


132-67 


350 


374-78 


402 


515-41 




I34-6S 


351. 


278-37 


403 


521-24 


300 


136-72 


352 


2S1 -99 


404 


527-12 


301 


138-79 


353 


285-65 


405 


533-06 


302 


140-88 


354 


289-35 


406 


539-04 


303 


142-99 


355 


293-08 


407 


545-07 


304 


145-13 


356 


296-85 


408 


551 -le 


305 


147-30 


357 


300-66 


409 


557-30 


30B 


149-49 


358 


304-51 


410 


568-48 


307 


151-70 


359 


308-39 




669-73 


SOS 


153-95 


360 


312-32 


412 


576-02 


309 


156-22 


361 


316-28 


413 


682-36 


310 


158-51 


362 


820-28 


iU 


588-76 


311 


160-83 


S63 


324-32 


415 


595-22 


312 


163-18 


364 


328-40 


416 


601-72 


313 


165-56 


365 


332-52 


417 


608-28 


314 


167-97 






418 


614-90 


313 


170-40 


367 


340-88 


419 


621-56 


316 


172-86 


368 


345-13 


420 


628-29 


317 


175-35 


369 


349-41 


421 


635-07 


318 


177-86 


370 


353-73 


422 


641-90 


319 


180-41 


371 


358-10 


423 


648-79 


320 


182-98 


372 


362-50 


434 


655-73 


S21 


185-59 


373 


366-95 


425 


662-73 


322 


188-22 


374 


371-44 


426 


669-79 


323 


190-88 


375 


375-98 


427 


676-90 


324 


193-67 


37S 


380-55 


428 


684-07 


325 


196-29 


377 


385-17 


429 


691-30 




199-05 


378 


389-84 


430 


698-58 


327 


201-83 


879 


394-54 


431 


705-92 


328 


204-64 


380 


399-29 


432 


713-32 



TABLE IV. 

The teaaioa in poands ia reduced flrom the tension in inches of meicmy 
in Table III. 

1 inch mercury = ' 48997 lb. I lb. viatet = 27 ■ 6933 onbio inches. 
Barometer = 14'7 lbs. per square inch = SO 0018 inches, 
„ ■(1649T + 57-42 .„,..,. 

-00299 y P ' "'''"* ^ - *™^^ "^ '*'«■ P** ^l""™ '™*- 





Teial™ 






Wetgfct 




Teml.iii 






WeiBht 


r^;. 


IfI 


S^ 


Pre^"™. 


Cable Foot 
otStp.m 
Id Lbs. 


?J. 




SpKlflO 


Presmra 


orsuvm 
in Lbs. 


"^ 


■93927 


22757 




■002742S 


~^ 


3-3426 


6693 




0093236 


101 


■!Hi7B9 22111 






-0028224 


147 


3 4278 


6533 






0095520 


102 


■9970921481 






■0029052 


148 


3-5146 


6378 






0097846 


103 


I -0275 20S66 






-0029908 


149 


3 6032 


6227 






010021 


104 


10584 ,20276 






■003077* 


150 


3-6944 


608O 






010263 


105 


1-0902 


19706 






■003166S 


151 


3-7870 


5937 






01051 


106 


1-123 


19149 






■0032589 


152 


3-8816 


5796 






01077 


107 


1-1563 


1S660 






-0033444 


158 


3^9786 


5661 






01103 


108 


1-1906 


18099 






■0034481 


154 


4-0770 


5530 






01129 


109 


1-2259 


17595 






■0035467 


155 


4-1780 


5402 






01155 


no 


12622 


17105 






-0036481 


156 


4-2809 


5278 






01183 


111 


1-2994 


16634 






-0037518 


157 




5155 






01210 


112 


1-337: 


16181 






•0038568 


158 


4-49S0 


5037 






01239 


113 


1-3763 


15735 






■0639659 


159 


4-6023 


4923 






0126S 


114 


1'4160 


15310 






■0040762 


160 


4-7140 


4810 






01298 


115 


1-4572 


14S92 






■0041906 


161 


4-8276 


4702 






01327 


116 


1-4988 


14493 






■004306 


163 


4-9439 


4595 






0135S 


117 


1-5419 


14134 






■0044152 


163 


5-0624 


4493 






01389 


118 


1-5860 


13723 






-0045474 


164 


5-1834 


4392 






01421 


119 


1-8311 


13357 






-004672 


165 


5-3067 


4294 






01453 


120 


1-6772 


13003 






■0047993 


166 


5-4328 


4198 






01487 


121 


1-72*7 


12658 






■0049303 


167 


5-6612 


4105 






01520 


122 


1-7732 


12324 






■005063H 


168 


5-6789 


4024 






01551 


123 


1-8227 


12001 






■0052000 


169 


5-8118 








01586 


124 


1-8737 


11659 






■005352t 


170 


5-9478 


3819 






01622 


125 


1-9266 


11382 






■005482f 


171 


6-1001 


3757 






016G1 


126 


1-9790 


11086 






■0056293 


172 


6-2274 


3683 






01694 


127 




lOWOO 






-0057780 


173 


6 ■3711 


3604 






01732 


128 


2-0892 


10522 






■00593 10 


174 


6-5328 


3518 






01774 


129 


2-1466 


10251 






■006087S 


175 


6-6827 


3142 






01813 


130 


2-2049 


9989 






■0062471 


176 


6-8356 








01853 


131 


2-2645 


9736 






-00e40IH 


177 


6-9909 


3297 






01893 


132 


2-3259 


9489 






-0065770 


178 


7-14B6 


3226 






01934 


133 


2-3881 


9250 






■006746S 


179 


7-3113 


3158 






01976 


184 


2-4523 


9017 






■0069208 


180 


7-4760 


3091 






02019 ■ 


135 


2-5180 


8791 






■0070991 


181 


7 '6435 


3027 






02062 


136 


2'S84€ 


8572 






■0072794 


182 


7-8145 








02106 


137 


26532 


8359 






■007465( 


183 


7-9885 


2902 






02151 


13S 


2-7232 


8152 






■O07e5St 


184 


8-1659 


2840 






02197 


139 


2-7948 


7951 






■0078489 


185 


8-3462 








02243 


140 




7755 






■0080474 


186 


8-5304 


2725 






02290 


141 


2-9428 


756H 






■0082484 


187 


8-7175 


2669 






02338 


142 


3-0192 


7382 






-0084542 


188 


8-9081 


2614 






02387 


143 


3-0976 


7202 






■0086653 


189 


9-1022 


2561 






02437 


144 


3-1774 


7028 






-0088709 


190 


9 '3001 


2508 






02488 


145 


3-2588 


6875 






-0090776 


191 


9-5015 


2458 




* 


02539 



138 



Tablb rV. — continued. 





Tension 
of 




1 


Weight 




Tension 
of 






Weight 


Deg. 


Aqueous 


Specific 


^"®' Ct: 


of a 
ibic Foot 
f Steam 
in Lbs. 


Deg. 


Aqueous 


Specific 


Boiler 


of a 
Onhir Font 


Fahr. 


Vapour 

in Lbs. 

perSq.In. 


Volume. 


Pressure. ^^ 


Fahr. 


Vapour 

in Lbs. 

perSq.In. 


Volume. 


Pressure. 


of Steam 
in Lbs. 


o 
192 


9-7063 


2408 


• • 


02592 


o 
244 


26-772 


915-2 


12-072 


•06818 


193 


9-8922 2365 


• • 


02639 


245 


27- 


257 


899" 


•6 


12 


•557 


•06938 


194 


10-127 


2311 


• • 


02700 


246 


27' 


742 


884 • 


8 


13 


•042 


•07053 


195 


10-343 


2267 


• • 


02753 


247 


28' 


242 


869' 


•9 


13 


542 


•07174 


196 


10-563 


2221 


• t 


02809 


248 


28- 


742 


855' 


6 


14 


042 


•07294 


197 


10-787 


2176 


• • 


02868 


249 


29" 


256 


840- 


7 


14 


556 


•07423 


198 


11-014 


2135 


• • 


•02924 


250 


29" 


771 


827- 


3 


15 


071 


•07543 


199 


11-246 


2091 


• • 


02984 


251 


30- 


299 


813' 


6 


15 


599 


•07670 


200 


11-483 


2051 


• • 


03043 


252 


30' 


829 


800' 


3 16' 


129 


•07798 


201 


11-722 


2011 


• • 


03104 


253 


31 


373 


787' 


3 


16' 


673 


•07927 


202 


11-966 


1971 


• • 


03167 


254 


31 


922 


774' 


4 


17 


222 


•08058 


203 


12-214 


1933 


• • 


•03227 


255 


32 


'476 


761' 


7 


17' 


776 


•08193 


204 


12-467 


1895 


• • 


•03293 


256 


33 


•039 


749- 


5 


18- 


339 


•08326 


205 


12-724 


1859 


• • 


•03356 


257 


33 


•612 


737- 


4 


18' 


912 


•08463 


206 


12-985 


1824 


• • 


•03421 


258 


-34 


•195 


725 


2 


19' 


495 


•08605 


207 


13-251 


1789 


• • 


•03489 


259 


34 


•783 


713 


•8 


20' 


083 


•08743 


208 


13-522 


1755 


• • 


•03557 


260 


35 


•376 


702' 


•4 


20' 


•676 


•08885 


209 


13-797 


1720 


• • 


•03628 


261 


35 


•984 


691 


2 


21' 


284 


•09028 


210 


14 076 


1688 


• • 


•03698 


262 


36 


•596 


680' 


0|21' 


896 


-09177 


211 


14-360 


1656 


• • 


•03768 


263 


37 


•218 


669 


3 


22 


518 


•09323 


212 


14-649 


1625 


• • 


•03840 


264 


37 


■845 


658 


•7 


23' 


145 


•09474 


213 


14-944 


1595 


-244 


•03913 


265 


38 


•487 


648 


•4 


23' 


787 


•09624 


214 


15-243 


1565 


•543 


•03988 


266 


39 


134 


638 


•3 


24' 


434 


•09777 


215 


15-547 


1535 


-847 


•04066 


267 


39 


■790 


628 


3 


25' 


090 


•09932 


216 


15-851 


1507 


1-151 


•04140 


268 


40 


■452 


618 


5 


25' 


•752 


•1009 


217 


16-164 


1480 


1-464 


■04217 


269 


41 


•128 


608' 


•9 


26' 


428 


•1025 


218 


16-483 


1453 


1-783 


•04297 


270 


41 


•809 


599 


•5 


27' 


109 


•1041 


219 


16-806 


1425 


2-106 


•04379 


271 


42 


•505 


590 


■1 


27' 


805 


•1057 


220 


17-139 


1399 


2-439 


•04460 


272 


43 


•205 


581 


•1 


28' 


505 


-1074 


221 


17-472 


1374 


2-772 


•04543 


273 


43 


•916 


572 


•2 


29' 


216 


•1091 


222 


17-811 


1349 


3-111 


•04626 


274 


44 


•636 


563 


•4 


29' 


936 


•1108 


223 


18-153 


1325 


3-453 


-04711 


275 


45 


•366 


554 


•8 


30' 


666 


•1125 


224 


18-506 


1300 


3-806 


-04800 


276 


46 


•106 


546 


4 


31 


406 


•1142 


225 


18*864 


1277 


4-164 


-04886 


277 


46 


•856 


538 


2 


32 


•156 


•1160 


226 


19-222 


1255 


4*522 


-04975 


278 


47 


•615 


530 


•0 


32 


915 


•1177 


227 


19-589 


1232 


4-889 


-05066 


279 


48 


•384 


522 


•1 


33' 


684 


•1195 


228 


19-961 


1210 


5-261 


-05157 


280 


49 


•164 


514 


•2 


34' 


464 


•1214 


229 


20-344 


1189 


5-644 


-05251 


281 


49 


•952 


506 


•6 


35' 


252 


•1232 


230 


20-726 


1165 


6-026 


•05356 


282 


50 


•634 


500 


•2 


85- 


934 


•1248 


231 


21-118 


1147 


6-418 


•05442 


283 


51 


•559 


491' 


•6 


36 


859 


•1269 


232 


21-515 


1126 


6-815 


•05540 


284 


52 


382 


484 


3 


87 


682 


•1289 


233 


21-916 


1107 


7-216 


-05638 


285 


53 


•210 


477' 


2 


38 


•510 


•1308 


234 


22-328 


1088 


7-628 


•05738 


286 


54 


054 


470' 


2 


39 


854 


•1327 


235 


22-744 


1069 


8-044 


•05839 


287 


54 


•901 


463- 


3 


40' 


201 


•1347 


236 


23-116 


1050 


8-466 


•05944 


288 


55 


•763 


456 


5 


41 


063 


•1367 


237 


23-592 


1032 


8-892 


•06046 


289 


56 


•640 


449 


•8 41- 


940 


•1387 


238 


24-028 


1014 


9-328 


•06153 


290 


57 


522 


443 


3|42< 


822 


•1408 


239 


24-469 


996-8 


9-769 


•06261 


291 


58- 


419 


436 


9 43' 


•719 


•1428 


240 


24-915 


979-8 


10-215 


•06370 


292 


59- 


326 


430" 


•5 44' 


626 


•1450 


241 


25-371 


963-1 


10-671 ' 


06479 


293 


60' 


241 


424 


4 


45' 


541 


•1470 


242 


25-831 


946-9 


11-131 • 


06590 


294 


61- 


172 


418' 


•3 46 


472 


•1492 


243 


26-242 


932-9 


11-542 • 


06690 


295 


62' 


114 


412 


3 


47' 


414 


•1513 
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Table IV. — continued. 





Tension 
of 






Weight 




Tension 
of 






Weight 


Deg. 


Aqueous 


Specific Boiler 


of a 


Peg. 


Aqaeous 


Specific 


Boiler 


of a 

Cubic Foot 

of Steam 

inLbt. 


Fahr. 


Vapour 

in Lbs. 

per Sq. In. 


Volume. 


Pressure. 


of steam 
in Lbs. 


Fahr. 


Vapour 

in Lbs. 

Iter Sq. In. 


Volume. 


Preesure. 


o 
296 


63-064 


406-4 48-364 


•1536 


o 
849 


132-89 


201-5 


118-19 


-3097 


297 


63-882 


401-6 49-182 


-1554 


850 


134 • 63 


199-1 


119-93 


-3134 


298 


65-004 


395-0 


50-304 


-1580 


351 


136-39 


196-6 


121-69 


•3174 


299 


65-989 


389-3 


51-289 


-1603 


352 


138-17 


194-2 


123-47 


-3213 


300 


66-989 


383-9 i 52-289 


-1626 


353 


139-96 


191-9 


125-26 


-3252 


301 


68-003 


378-5 53-303 


•1649 


354 


141-77 


189-6 


127-07 


•3291 


302 


69-027 


373-2 54-327 


•1672 


355 


143-60 


187-4 


128-90 


•3330 


303 


70 061 


3680 I 55-361 


-1696 


356 


145-45 


185-1 


130-75 


•3372 


304 


71-109 


362-9 66-409 


-1720 


357 


147-31 


183-0 


132^61 


•3411 


305 


72-173 


357-8 57-473 


-1744 


358 


149-2 


180-8 


134 60 


•3452 


306 


73-246 


352-8 58-546; 


-1769 


359 


151 1 


178-7 


136-40 


•3493 


307 


74-322 


348-0 


59-622 


•1793 


360 


153-03 


176-6 


138-33 


•3534 


308 


75-431 


343-2 


60-731 


-1818 


361 


154-61 


174-9 


139 • 91 


•3568 


309 


76-543 


338-5 


61-843 


•1843 


362 


156-93 


172-5 


142^23 


•3618 


310 


77-665 


333-9 


62-965 


-1869 


363 


158-91 


170-4 


144-21 


•3661 


311 


78-802 


329-4 


64-102 


-1895 


364 


160-91 


168-4 


146-21 


•3705 


312 


79-953 


3-24-9 


65-253 


-1921 


365 


162-92 


166-5 


148-22 


•3747 


313 


81-120 


320-5 


66-420 


•1947 


366 


164-96 


164-6 


150-26 


•3793 


314 


82-301 


316-2 


67-601 


•1974 


367 


167-02 


162-7 


152-32 


•3836 


315 


83-491 


311-9 


68-791 


•2001 


368 


169-11 


160-8 


154-41 


•3881 


316 


84-696 


307-7 


69-996 


•2028 


369 


171-20 


159-0 


156-50 


•3926 


317 


85-916 


303-6 


71-216 


-2055 


370 


173-32 


157-1 


158-62 


•3971 


318 


86-945 


300-2 


72-245 


-2078 


371 


175-46 


155-3 


160-76 


•4018 


319 


88-396 


295-6 


73-696 


•2111 


372 


177-61 


153-6 


162-91 


•4063 


320 


89-655 


291-7 


74-955 


•2140 


373 


179-79 


151-8 


165-09 


-4110 


321 


90-934 


287-8 


76-234 


•2168 


374 


181-99 


150-1 


167-29 


-4157 


322 


92-222 


284-0 


77-522 


-2197 


375 


184-22 


148-4 


169-52 


•4204 


323 


93-525 


280-3 


78-825 


•2226 


376 


186-46 


146-7 


171-76 


•4253 


324 


94-844 


276-6 


80-144 


•2256 


377 


188-72 


145-2 


174-02 


•4300 


325 


96-176 


273-0 


81-476 


•2286 


378 


191-02 


143-5 


176-32 


-4349 


326 


97-529 


269-5 


82-829 


•2316 


379 


193-32 


141-9 


178-62 


•4398 


327 


98-891 


266-0 


84-191 


•2346 


380 


195-64 


140-3 


180-94 


•4447 


328 


100-27 


262-5 


85-57 


•2378 


381 


197*99 


138-8 


183-29 


•4497 


329 


101-66 


259-0 


86-96 


•2409 


382 


200-36 


137-2 


185-66 


•4548 


330 


103-07 


255-8 


88-37 


•2440 


383 


202-76 


135-7 


188-06 


-4599 


331 


104-49 


252-5 


89-79 


•2471 


384 


205-17 


134-2 


190-47 


•4650 


332 


105-94 


249-4 


91-24 


•2502 


385 


207-61 


132-8 


192-91 


•4700 


333 


107-39 


246-1 


92-69 


•2536 


386 


210-06 


131 3 


195-36 


•4754 


334 


108-86 


242-9 


94-16 


•2569 


387 


212^54 


129-9 


197-84 


•4804 


335 


110-35 


239-8 


95-65 


-2602 


388 


215^05 


128-4 


200-35 


•4859 


336 


111-85 


236-8 


97-15 


•2635 


389 


217-58 


127 1 


202-88 


•4912 


337 


113-37 


233-8 


98-67 


-2669 


390 


220-12 


125-7 


205-42 


•4964 


338 


114-9 


231-0 


100-20 


•2702 


391 


222-7 


124-4 


208-00 


•5018 


839 


116-46 


228-0 


101-76 


-2737 


392 


225-29 


123 


210-59 


•5074 


340 


118-04 


225-3 


103-34 


-2770 


393 


227-91 


121-7 


213-21 


•5128 


341 


119 61 


222-5 


104-91 


•2805 


394 


230-55 


120-4 


215-85 


•6185 


342 


121-21 


219-7 


106-51 


•2840 


395 


233-22 


119 1 


218-52 


•5227 


343 


122-83 


217-0 


108-13 


. -2876 


396 


235-9 


117-9 


221-20 


•5296 


344 


124-46 


214-2 


109-76 


•2913 


397 


238-62 


116-6 


223-92 


•6352 


345 


126-11 


211-7 


111-41 


-2948 


398 


241-35 


115-3 


226-65 


•5411 


346 


127-78 


209-0 


113-08 


•2985 


399 


244-11 


114-1 


229-41 


•5467 


347 


129-47 


206-5 


114-77 


-3023 


400 


246-9 


112-9 


232-20 


•5525 


348 


131-18 


204-0 


116-48 


•3060 
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TABLE V. 

Table Showino the Total Heat of Steam oalculatkd aoo(»ding to 

REONAui/r'B Formula a = 1081-94 + '305 T. 

T is the number of degrees counted from 0° Fahr. The total heat at any tem- 
perature T is the amount necessary to turn 1 lb. of water at 32° Fahr. into saturated 
steam at the temperature T. The latent heat is the total heat as given in Column 2, 
minus the number of degrees above freezing at which the observation is made, 
see p. 113. 



Deg. 


Total 


Latent 


Deg. 


Total 


Latent 


Deg. 


Total 


Latent 


Fahr. 


Heat. 


Heat. 


Fahr. 


Heat. 


Heat. 


Fahr. 


Heat. 


Heat. 


o 
40 


1094-14 


1086 14 


o 
180 


1136-84 


988-84 


820 


1179-54 


891-54 


50 


1097-19 


1079-19 


190 


1139-89 


981-89 


330 


1182-59 


884-59 


60 


1100-24 


1072-24 


200 


1142-94 


974-94 


340 


1185-64 


877-64 


70 


1103-29 


1065-29 


210 


1145-99 


967-99 


850 


1L88-69 


870-69 


80 


1106-34 


1058-34 


220 


1149-04 


961-04 


360 


1191-74 


863-74 


90 


1109-89 


1051-39 


230 


1152-09 


954-09 


870 


1194-79 


856-79 


100 


1112-44 


1044-44 


240 


1155-14 


947-14 


880 


1197-84 


849-84 


110 


1115-49 


1037-49 


250 


1158-19 


940-19 


390 


1200-89 


842-89 


120 


1118-54 


1080-54 


260 


1161-24 


933-24 


400 


1203-94 


835-94 


130 


1121-59 


1023-59 


270 


1164-29 


926-29 


410 


1206-99 


828-99 


140 


1124-64 


1016-64 


280 


1167-34 


919-34 


420 


1210-04 


822-04. 


150 


1127-69 


1009-69 


290 


1170-39 


912-39 


430 


1213-09 


815-09 


160 


1130-74 


1002-74 


300 


1173-44 


905-44 








170 


1133-79 


995-79 


310 


1176-49 


898-49 









Add for 1 degree 


tt 


2< 


clegreeB 


t* 


3 


•• 


n 


4 


n 


tt 


6 


M 


»» 


6 


»• 


n 


7 


•> 


tt 


8 


l> 


M 


9 


*> 



3Q6 

610 

916 

22 

625 

83 

136 

44 

745 



Add for 1 tenth of e^ degree 


•0306 


M 


2 tenths M 


•0610 


»f 


3 


M n 


•0915 


W 


4 


n tt 


•122 


» 


5 


tt ft 


•1626 


•« 


e 


tt tt 


•183 


M 


7 


tt w 


•2136 


>• 


8 


N M 


•244 


M 


9 


tt tt 


•2745 



•03937 English inch. | , ,««,„j «„«;,^„r^ia i „^i^ 
= 39-37079 \, inches.*'^' P*^°^ avoirdupois = 1 grain 



= T^ PO«™i t^roy. 



1 millimetre = 
1 metre 

1 H = 3-2809 „ feet. 

1 gramme = 15-43235 „ grainaf 
1 cubic inch distilled water in a vacuum at 60° Fahr. weighs 252-769 grains X 
= -0361098 lb. avoir. 

At 62° Fahr. in a vacuum, specific gravity of mercury, when water = 1, is 
13-56889.§ 

1 cubic inch mercury at 6QP Fahr. in a vacuum weighs 3429-797 grains 
= -48997 lb. avoir. 
30 inches mercury = 14-699 lbs. avoir. 

1 lb. pressure per square inch equals 2-04094 inches mercury. ^ 

1 inch mercury = -48997 lb. per square inch. 
1 lb. of distilled water in a vacuum equals 27 - 6933 cubic inches. 
1 litre = 61-02705 cubic inches. |1 

100 cubic inches dry air at 32° Fahr. under 30 inches mercury 

at level of sea at the equator . . 
Hydrogen 
Nitrogen 
Oxygen 
Carbonic acid 
Batio of weight of mercury to weight of air at 32° Fahr., and under a pressure 
of 29-922 inches of mercury in latitude 45° is 10517-3 to 1. 

• Balfour Stewart's ' Elementary Treatise on Heat,' 2nd Edition, p. 72. t l^d. p. 74. 

t Ibid. p. 76. IWd. p. 76. |1 Dixon, p. 260. 

^1 Ibid. p. 278, calculated from Regnault's determinationa. 






If 
»> 



>» 
»» 

n 



» 



Grains. 

= 32-69054n 
= 2-264147 
= 31-754611 
= 36-143643 
= 49*984164 
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